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ABSTRACT

Alloy modifications by addition of niobium (Nb ), vanadium (V), nitrogen (N) and
cobalt (Co) to cast 17-4 PH steel were investigated to determine the effect on mechanical
properties. Additions of Nb, V, and N increased the yield strength from 1120 MPa to
1310 MPa while decreased the room temperature charpy V notch (CVN) toughness from
20 J to four Joules.
The addition of Co to cast 17-4 PH steel enhanced the yield strength and CVN
toughness from 1140 MPa to 1290 MPa and from 3.7 J to 5.5 J, respectively. In the base
17-4 PH steel, an increase in block width from 2.27 ± 0.10 1-1m in the solution treated
condition to 3.06 ± 0.17 1-!ffi upon aging at 755 K was measured using orientation image
microscopy. Cobalt inhibited recrystallization and block boundary migration during aging
resulting in a finer martensitic block structure.
The influence of Co on copper (Cu) precipitation in steels was studied using atom
probe tomography. A narrower precipitate size distribution was observed in the steels
with Co addition. The concentration profile across the matrix I precipitate interface
indicated rejection of Co atoms from the copper precipitates. This behavior was observed
to be energetically favorable using first principle calculations. The activation energies for
Cu precipitation increased from 205 kJ/ mol in the non-cobalt containing alloy, to 243 kJ/
mol, and 272 kJ/ mol in alloys with 3 wt. %Co, and 7 wt. % Co, respectively. The role of
Co on Cu precipitation in cast 17-4 PH steel is proposed as follows: (i) Co is rejected out
of the Cu precipitate and sets up a barrier to the growth of the Cu precipitate; (ii) results
in Cu precipitates of smaller size and narrower distribution; (iii) the coarsening of Cu
precipitates is inhibited; and (iv) the activation energy for Cu precipitation increases.
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1. INTRODUCTION

1.1 RESEARCH OBJECTIVE

The objective of the current work was to explore the possibility of enhancing the
mechanical properties of cast CB7Cu-1 (also designated as 17-4 PH) steels with alloy
additions. In this dissertation, 17-4 PH designation has been used. Literature suggests an
increase in strength by 100 MPa can be achieved by addition of 0.04 wt.% niobium (Nb)
in HSLA steels [1,2]. Addition of 0.08-0.14 wt.% vanadium (V) has increased the
strength by 55-100 MPa [2,3]. Additions of 6 wt.- 14 wt.% cobalt (Co) in cast maraging
steels have been reported to improve the strength by 65 MPa per one wt.% of Co
addition [4] , while addition of two wt.% to four wt.% Co to 17-4 PH steel have
improved the hardness from 46 HRC to 48 HRC [5]. The effect of Nb, V, and N
additions on the mechanical properties of cast 17-4 PH cast steel have been less explored.
Further, the influence of Co addition on the microstructural evolution, copper
precipitation, and mechanical properties has been less emphasized.
In the present work, the role of Nb, V, N, and Co on the mechanical properties of
17-4 PH steel was studied. Additionally, the effect of Co addition on the martensitic
structure, Cu precipitate size, distribution, and kinetics was studied using orientation
image microscopy (OIM), atom probe tomography (APT), and differential scanning
calorimetry (DSC). An attempt has been made to correlate and explain the results using
first principle calculations.
The development of cast 17-4 PH steels with enhanced mechanical properties will
serve as a cost effective alternative to replace the expensive titanium alloys. In order to
assist rapid changes in prototype designs and to produce near net shape products, a
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casting manufacturing route is generally preferred as compared to forging [6]. The
targeted mechanical properties as suggested by American Metal Consortium (AMC) for
development of cast alloys are summarized in Table 1.1.

Table 1.1. Goals set by American Metal Consortium.
Parameter

Minimum Target

Goal

UTS, MPa (ksi)

1310 (190)

1586 (230)

YS,MPa (ksi)

1034 (150)

1379 (200)

% Elongation

5

10

CVN, J (ft-lb)

13.6 (10)

13.6 (10)

1.2 PRECIPITATION HARDENED (PH) STAINLESS STEEL
Precipitation hardened (PH) stainless steels are designated as such because they
derive significant part of their strength from precipitation reactions [7]. They are grouped
together because they contain elements that form fine precipitates when heat treated.
Some important properties of PH stainless steels are ease of fabrication, high strength,
relatively good ductility and excellent corrosion resistance [7].

1.2.1. History.

Precipitation hardening stainless steels were first developed

during the 1940s and since then have become increasingly important in a variety of
applications. The first commercial precipitation hardening stainless steel is attributed to
Smith et al. and was first marketed by U.S Steel Corporation as Stainless Win 1946 [7].
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It was a martensitic steel with composition similar to UNS 17600 stainless steel of today.
Later, in 1948, 17-4 PH and 17-7 PH steels were developed, followed by AM 350 in
1954, AM 355 in 1955, and 15-7 Mo PH in 1957 [8]. For some years it was thought that
precipitation could only be obtained in martensitic, semi-austenitic or ferritic
microstructures in stainless steels but ten years after the first precipitation hardening
stainless steel was introduced, Linnert noted the development of two precipitation
hardening austenitic stainless steels known as 17-1OP and 3311 [7]. In 17-1OP, hardening
was obtained by formation of phosphides; but solidification cracking led to the demise of
this steel. The 3311 steel is also obsolete today [7].

1.2.2. Classification. PH steels can be sub classified based on the predominant
microstructure as austenitic, semi-austenitic and martensitic. The chemistry of martensitic
type PH steels is shown in Table 1.2 [7]. The bolded chemistry in Table 1.2 corresponds
to 17-4PH steel.

Table 1.2. Chemistry of martensitic type of Precipitation Hardened (PH) steels [7].
UNS
No

c

Mn

p

s

Si

0.05

0.20

0.0 1

0.0 1

0. 10

Cr

Ni

Mo

7.5-8.5

2-2.5

12.25S I 3800

13.25
SI5500

S17400

0.07

0.07

1.00

1.00

0.04

0.04

0.03

1.00

14- 15.5

0.03

1.00

15-17.5

AI

Ti

Other

0.91.35
N:0.01 ;Cu:2.5-

3.5-5.5

4.5;Nb:0.15-0.45
Cu:3-5; Nb:0.15-

3.0-5.0

0.45
S17600

0.08

1.00

0.04

0.03

1.00

16-17.5

6-7.5

S45000

0.05

1.00

0.03

0.03

1.00

14-16

5.0-7.0

0.04

0.03

545500

0.06

0.50

0.40

0.4-1.2
Cu: l.25-1.75;

0.5- 1

Nb:0.8xC- 0.75
0.50

11- 12.5

Cu: 1.5-2.5;Nb:0.1 7.5-9.5

0.50

0.8- 1.4
0.5

4

1.317-4 PH STEEL
17-4 PH stainless steel, first commercially produced by Armco in 1948 contains
17 wt.% Cr, four wt.% Ni and is Precipitation Hardened (PH) by Cu. This steel contains
0.15-0.45 wt. % Nb to suppress chromium carbide formation. The 17 Cr 4 Ni steels were
known as "controlled transformation steels". Alloy modification to 17 Cr 4 Ni steels were
researched extensively by Irvine [9] and Coutsourdais [5] in the 1950's.
Copper has limited solubility in Fe-BCC while it has a larger temperature
dependent solubility in Fe-FCC. This combination of atomic property allows
precipitating nanometer sized Cu particles and developing effective strengthening in FeCu alloys. The recommended [10,11] heat treatment and the obtained ultimate tensile
strength of 17-4 PH wrought steel and cast steel is presented in Table 1.3. Heat treatment
of this alloy comprises of three steps: (i) homogenization; (ii) solution treatment; and (iii)
agmg.

Table 1.3. Recommended heat treatment and obtained ultimate tensile strength of
precipitation hardening stainless steels [ 10,11].
Alloy
Homogenization

Austenitization

Aging

UTS, MPa (ksi)

17-4PH

1175±15°C,

1040±15°C,

480-620°C,

930 to1310 (135-

wrought [10]

2h

30m minimum

1- 4 h

190)

17-4PH

11 75±15°C,

1040±15°C,

480-595°C,

895- 1240 (1 30-

Cast [10]

2h

30m minimum

4h

180)

ASTM

Not

482°C,

1310(190)

A693 [11]

mentioned

specification

1050±25°C
1h
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2. LITERATURE REVIEW

2.1 PHASE CONSTITUTION
Upon solidification during casting, 17-4 PH steel first forms the body centered
cubic delta ferrite which partially transforms into face centered cubic austenite by a
peritectic reaction. On further cooling below a critical temperature (M 5 ), austenite forms
body centered tetragonal martensite by a displacive reaction. However, the c/a ratio in
17-4 PH steel is approximately one owing to low concentration of C (< 0.07 wt. %). The
cooling rate and the M 5 temperature govern the amount of retained austenite and
martensite. In general, the matrix of 17-4 PH steel at room temperature constitutes
predominantly of martensite, 15-20% delta ferrite, and retained austenite.

2.1.1. Martensite. In martensite, the interstitials C and N are trapped in the
octahedral sites of the bee iron structure and lead to a body centered tetragonal structure.
The tetragonality of martensite thus depends on the amount of interstitials. In 17-4 PH
steel, the carbon content is kept very low to minimize alloy carbide formation . Hence, the
c/a ratio of the martensite in 17-4 PH is very close to one.
Martensite forms by a shear mechanism and has a planar interface with the parent
austenite. The Kurdjmov-Sachs orientation relation has been observed in 17-4 PH steel
by researchers where

II {Oll}M
(110) A II (111) M

{111}A
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The structure of martensite contains high angle boundaries with vanous
orientations and a large number of low angle boundaries that reflect the high dislocation
density of this structure. There have been various nomenclatures to define the martensite
structure. Morito' s nomenclature represented in Figure 2.1 is referred to throughout this
work. Martensite forms packets in the prior austenite which consist of blocks with high
angle boundaries (>10°). Each packet consists of blocks and blocks have two variants.
Each block consists of laths which are separated by low angle boundaries [12]. Since a
block is the smallest unit which is separated by high angle boundaries, it has been
reported that the block width and length become important in determining the strength
and fracture resistance of the martensite.

Figure 2.1. The definition of lath, block, and packet [12].
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During aging of low carbon lath martensite, the martensite structure undergoes
recrystallization and block growth. During tempering of lath martensite, recrystallization
and block growth occur by migration of high angle boundaries [13- 16]. The necessary
conditions for grain boundary bulging and migration in lath martensite are (i) bulging
grain boundary has a misorientation of 15-45° with adjacent boundary and (ii) migration
of atoms occurs from a region of high dislocation density to a lower one [16]. A very
high fraction of boundaries in lath martensite are misoriented by <15° or >50° [12, 15]
thereby leaving only a small fraction of high mobility boundaries. The low fraction of the
recrystallization nuclei leads to a coarse block structure after completion of
recrystallization

[15]. An increase in martensite block size during tempering of

martensite has been observed in other steels [ 17- 19] . In a temporal study of 0.08 C 10 Cr
steel at 873 K, the block width increased rapidly until 120 min, after which it became
constant [18] . Antimony addition to a 0.15 C 2 Mn steel retarded the recrystallization by
pinning the high angle boundaries [20]. Slower rate of block coarsening during tempering
at 873 K has been observed with addition of Re, W, and Moina martensitic steel [19].

2.1.2. Delta Ferrite. The volume fraction of delta ferrite in 17-4 PH steel is
around 15-20 %. Skeletal remnant delta ferrite is observed at room temperature. Studies
on the effect of delta ferrite on impact toughness have received attention in the area of
welding of steels where delta ferrite forms during solidification after welding. In low
carbon martensitic stainless steels, it has been observed that minimizing delta ferrite
improves the impact toughness by decreasing the ductile to brittle transition temperature
(DBTT) [21,22]. Improvement in impact toughness with minimizing delta ferrite was
observed in the transition temperature region [21 ,22] while the upper shelf and lower
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shelf energies were found to be unaffected by delta ferrite [21]. Longer secondary cracks
have been observed in the perpendicular sections of fracture surfaces [22] with a decrease
in delta ferrite. The effect of alloy additions on the percentage of delta ferrite is shown in
Table 2.1 [23].

Table 2.1. Effect of alloy elements on the delta ferrite percentage in 17 Cr steels [23].
Alloy addition

N

c

Ni

Co

Cu

Mn

W

Si

Mo

Cr

V

AI

Change in delta ferrite
(per wt. %)

-200

-180

-10

-6

-3

-1

8

8

11

15

19

38

2.1.3. Retained Austenite.

The amount of retained austenite m the room

temperature microstructure depends on the martensite start (Ms) temperature. The Ms
temperature depends on the chemical composition of the steel. Some of the empirical
relations to calculate the Ms temperature and estimated Ms temperature of 17-4 PH steel
are shown in Table 2.2.
Empirical relations to calculate the volume fraction of retained austenite have
been developed by Harris et al. [29] and Koistinen and Marburger [30]. Using optical
microscopy, Harris et al. [29] developed the relation shown in equation (2.1) for a 1.1 C
2.8 Cr steel. Koistinen and Marburger [30], using X-ray diffraction technique in steels
containing 0.37 % to 1.1 % C, developed an empirical equation as shown in equation
(2.2) to calculate the Ms temperature. The Koistinen and Marburger equation is the most
commonly used.
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Table 2.2. Equations to calculate Ms temperature [24- 27].

Alloy system

Empirical equation
(All additions in wt. %)

Ms temperature of 174 PH steel, o C

Reference

Cr-Ni-Mo-Mn steel
( upto 0.6 wt.% C)

539 - 423C - 30.4Mn - 17 .7Ni 12.1Cr -7 .5Mo

229

[24]

18 Cr-8 Ni steel

1302- 42Cr - 61Ni- 33Mn- 28Si
- 1667(C+N)

186

[25]

Cr-Ni-Mo-Mn steels
( 0.1-0.55 wt.% C)

561 -474C-33Mn -17Cr -1 7Ni
- 21Mo

167

[26]

Cr-Ni-Mo-Si-Co Steels
( upto 0.5 wt.% C)

539- 423C - 30.4Mn- 17.7Ni12.1Cr - 7.5Mo +(lOCo -7.5Si)

222

[27]

Cr-Ni-Mo-Si-Co Steels
( upto 0.5 wt.% C)

561 - 474C-33Mn-17Cr-17Ni
- 21Mo + (lOCo- 7.5Si)

160

[27]

12 Cr steel
( 0.03 wt.% C)

832 - 29Cr- 39Ni - 5Co - 36Mo OTi

183

[28]

(2.1)

where

vr= percentage of retained austenite

M s =Martensite start temperature
Tq = quenchant temeperature

10
1-Va• =exp{j3(M 5 -Tq)}

(2.2)

where Ms > Tq > -80°C

.8 = -0.011
M s = Martensite start temperature

Va•= fraction of martensite

Tq = quenchant temeperature

In a 15-7 PH steel (Fe-1.8 Cu-15.9 Cr-7.3 Ni-1.2 Mo-0.08 Nb-low C), Nakagawa
et al. [31] studied the effect of retained austenite on the mechanical properties, as shown
in Figure 2.2. They observed that retained austenite improved the Charpy V notch
toughness while it decreased the yields strength and ultimate tensile strength, as shown in
Figure 2.2 (a) and Figure 2.2 (b). The authors observed that retained austenite completely
transformed to martensite during tensile deformation. The increase in Charpy V notch
toughness was attributed to the martensitic transformation of retained austenite during
crack propagation [31] .

2.2 COPPER PRECIPITATION
The solubility difference of Cu between austenite and martensite drives the
precipitation of Cu in 17-4 PH steel. The following sections describe the structure, size,
and kinetics of Cu precipitation.
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Figure 2.2. Effect of retained austenite in 15-7 PH steel [31].

2.2.1. Size and Structure.

The solubility of copper in austenite (fcc) is much

higher than it is in ferrite (bee) [32]. Precipitation from the supersaturated state produces
nanometer sized bee Cu precipitates [33- 35] that strengthen the matrix. In Fe-Cu steel,
Hornbogen [33] proposed that upon aging the bee copper clusters, above a critical size,
transformed by a shear mechanism to FCC (E) copper precipitates. The presence of bee
copper clusters was observed by Mossbauer spectroscopy [36] and by field ion
microscopy [34,37] . Copper precipitation in steels has been studied using several
characterization techniques such as transmission electron microscopy [33,37,35,38-41],
neutron
resistivity

scattering
[39],

[42,43],

Moss bauer

differential

scanmng

spectroscopy
calorimetry

[36]
[45]

dilatometry
and

tomography [34,46- 52] . The sequence of copper precipitation is bee
fcc

'E'

atom

[44],
probe

Cu~9R ~3R ~

Cu [35]. The Cu precipitates less than five nm in diameter are coherent (bee) with

35
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the iron matrix [34,35,42,43], between seven nm to 17 nm are spherical and multiply
twinned 9R structure [35], between 18nm to 30nm are ellipsoidal shaped and untwinned
3R structure, and larger than 30 nm are fcc Cu [35]. The peak hardness is reached when
Cu precipitates are still coherent (bee) with the matrix. These bee Cu precipitates contain
50-70%Cu [48-53] and have a B2 structure [45]. Atomic study on the stability of the
copper clusters in iron using embedded atom potential report that copper clusters of four
nm diameter showed no significant deviation from the bee structure while six nm
diameter clusters showed slight distortion from the bee structure [54].

2.2.2. Precipitation Kinetics.

Kinetics of Cu precipitation has been studied

using hardness, resistivity, Differential Scanning Calorimetry (DSC), dilatometry, and
Transmission Electron Microscopy (TEM).

2.2.2.1. Activation energy.

The activation energy for copper precipitation in

steels has been of interest. Table 2.3 summarizes the activation energies for Cu
precipitation reported in the literature.

2.2.2.2. Avrami exponent 'n'.

The average Avrami exponent 'n' for

precipitation in 17-4 PH steel is 0.442, 0.46, 0.472, and 0.484 at 673 K, 723 K, 755 K,
and 823 K, respectively [59]. The interpretation of the Avrami exponent 'n' is not well
established for values less than 1. A vrami exponent between 0.33-0.66 is associated with
dislocation assisted growth of precipitates. An 'n' value of 0.33 has been derived for
attraction between dislocations and precipitate nuclei [60]. According to Christian [61],
the one dimensional nature of the migration of solute atoms towards the precipitate leads
to n=l/3 while the migration to the dislocation lines gives n=2/3. However, in reality,
both the dislocation attraction and pipe diffusion occur simultaneously. Hence, 'n' value
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increases gradually from 113 to 2/3 as the transformation proceeds [61]. The value of
time exponent 'n' values ranging from 0.2-0.5 have been reported for precipitation of
NiAl in 13-8 Mo PH steel [62] and for carbide precipitation in 14 wt.% Co containing
martensitic steel [62].

Table 2.3 . Activation energy for Cu precipitation.
Alloy system

Method

Activation
energy, kJ/mol

Reference

Low C, 1.5 wt.% Cu steel

DSC

230

[55]

Low C, I .5 wt.% Cu steel

DSC

155

[56]

19 Cr 13 Ni (317L) with 5%Cu

DSC

181

[45]

Low C, 1.3 wt. % Cu, 0.08 wt. %
Nb

Hardness

239

[38]

17-4 PH steel

Diffusion coefficient

220

[57]

Fe-1 wt. % Cu

Resistivity

222

[58]

17-4 PH steel

Resistivity

112

[39]

Average value from literature

Neural Network

262

[59]

Recently, an 'n' value of 0.47 has been derived to be associated to diffusion
controlled growth with soft impingement [63,64]. Soft impingement has been defined as
a decrease in either the volume or surface area of untransformed matrix regions which
supply the solute atoms [60]. A low n value also indicates that the sites for nucleation are
not saturated; hence nucleation could be expected to occur over a longer time period.
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2.3 ALLOY DEVELOPMENT
The primary approach to achieve the objective was to modify the alloy
composition of 17-4 PH steel. Additionally, heat treatment modification was also studied.
In the following sections, the methodologies used to modify the alloy composition are
discussed.

2.3.1. Niobium, Vanadium, and Nitrogen Additions.

The 17-4 PH steel

contains 16-17% Cr and 0.04 %C which makes it susceptible to formation of grain
boundary chromium carbides in the temperature range of copper precipitation. To
account for this, 17-4 PH steel contains ;:::::0.2 wt. % Nb to suppress the formation of
chromium carbide.
Additions of Nb, V, and N have been explored in high strength low alloy (HSLA)
steels as grain refiners and to provide additional strengthening [3,65,66]. Niobium and
vanadium belong to group Va and hence have strong affinity to form compounds with
nitrogen. In HSLA steels, high strength is achieved by precipitation of vanadium nitride
during controlled rolling [3]. In high speed steel, vanadium carbonitrides which were
found to be primarily vanadium nitride have been observed to increase the hardness of
the steel and the life of the tool made from it [67]. Campos, using the Orowan Ashby
model, calculated an increase in strength by 112 MPa on precipitation of 4nm vanadium
carbonitrides with a volume fraction of 0.00062 [68]. Vanadium carbonitrides in Ni-Mn
cast steels have been reported to increase the strength by ;:::::300 MPa (from >550 MPa to
>850 MPa). The precipitates were identified as carbides of size 100 nm-170 nm and the
carbonitrides of size 15 nm-50 nm [69]. In low carbon micro-alloyed steel [2], it was
observed that yield strength (YS) and ultimate tensile strength (UTS) increased by 100
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MPa with addition of Nb or V while the room temperature Charpy V notch toughness and
percentage elongation decreased from 79 J to 20 J with V addition and to 9 J with Nb
addition.
The amounts of Nb and/or V additions currently used in HSLA steels vary from
0.04 to 0.1 [1-3,69]. A V toN ratio of 4:1 gives the correct stoichiometry for VN
formation in steels [1]. In an earlier study [70], V: N ratio of 4:1 was used to strengthen
wrought 17-4 PH steel. The common grades of HSLA steels such as C42, C45, C50, C55
etc. have a Nb: V ratio of 1:2.

2.3.2. Co Addition. Cobalt addition provides strengthening in maraging steels.
Sadowski [4] extensively studied alloy modifications on low C(0.03) 17Ni 8.5Co 4.5Mo
containing cast steel and using statistical analysis found that with one wt.% Co addition,
the UTS increased by 62 MPa, the YS increased by 65 MPa, hardness increased by one
HRC while the elongation decreased by 0.8%, CVN reduced by 1.7 J, and notch tensile
strength reduced by 58 MPa. It should be noted here that the steels studied by
Sadowski [4] had no delta ferrite. In a Fe-18Ni alloy, addition of eight wt.% Co
increased the strength from 140 MPa to 310 MPa [71].
Co containing 17Cr

4Ni based system was studied by Irvine

[9] and

Coutsourdais [5] in 1950-60. Irvine studied Co addition to 17Cr-4Ni-2Mo alloys while
Coutsourdais studied Co addition to 17Cr-4Ni-4Cu (17-4 PH) alloy. The hardness of
17Cr-4Ni-2Mo steel upon aging at 723 K for one hour increased from 34 HRC (reported
as 335 HV) to 39 HRC (reported as 385 HV) with the addition of three wt.% Co [9]. An
increase in hardness from 46 HRC (reported as 465 HV) to 48 HRC ( reported as 485
HV) was observed with addition of two wt.% Co or four wt.% Co to 17-4 PH steel after
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aging for 0.5 h at 723 K while after aging for two hours at 723 K, the hardnesses were 45
HRC ( reported as 452 HV) in steel with no Co, 46 HRC (reported as 460 HV) in steel
with two wt.% Co, and 47 HRC (reported as 475 HV) in steel with four wt.% Co [5] .
Cobalt suppresses delta ferrite phase in martensitic stainless steels [21,22]. Using
transmission electron microscope, Speich et al. [72] observed that addition of eight wt.%
Co inhibits recovery during tempering of 0.12C-10Ni steel and 0.12C lONi 2Cr lMo
steel. In the latter steel, finer (Mo, Cr)2C precipitates that nucleated on dislocations were
observed. The increase in YS observed by addition of cobalt was attributed to inhibition
of dislocation recovery [72] and finer secondary carbide formation [73,74]. Inspite of
the benefits of Co addition to steels, the high cost of Co and lack of demand for Co
containing steels resulted in much less research on Co alloyed PH stainless steel.
AF1410 steel developed by the Air Force in the 1990's contains 14 wt.% Co and
has become popular because of its high strength levels up to 1700 MPa. The HY 180
steel which is similar in composition to AF1410 alloys except it contains eight wt.% Co
achieves strength levels comparable to 17-4 PH steel. However, these steels contain 10
wt.% Ni and one wt.% Mo, making them expensive; and only two wt.% Cr; making them
less corrosion resistant than stainless steels.

2.3.3. Heat Treatment. The maraging steels, transformation induced plasticity
(TRIP) steels, and nine wt.% Ni steels utilize retained austenite to increase the CVN
toughness and ductility [31]. It is suggested that the low Ms temperature in the highly
alloyed steels leads to stabilization of austenite which forms as thin films at the lath
boundaries [75]. There are several mechanisms [76,77] by which retained austenite is
proposed to be beneficial to CVN toughness such as (i) TRIP mechanism wherein higher
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energy is absorbed due to transformation of plastically deformed austenite to martensite
(ii) crack blunting wherein the crack is diverted when it reaches an area of retained
austenite and leads to higher energy absorption (iii) austenite scavenging where austenite
traps P and S and prevents them from enriching the grain boundaries; thereby increasing
the cohesive strength, and (iv) cleavage impairment where austenite transforms to a
martensite variant upon tempering, thereby increasing high angle boundaries.

2.3.4. Other Approaches. Some other approaches to improve the strength and
toughness of cast 17-4 PH alloys have been investigated by Abrahams et al. [78] are
multistage aging, double solution treatment, and hot isostatic pressing (HIP). Multistage
aging and HIP were effective in improving the CVN toughness. Table 2.4 shows a
comparison of single stage and multistage aging. The overall CVN toughness of 17-4 PH
steel improved upon using a two-step aging process. The strength obtained from all of the
treatments was in the range of 167-176 ksi and elongation was 14-15%, indicating much
less effect of two-step aging on strength and elongation. The best combination of strength
and CVN toughness was 171 ksi and 5.4 J, respectively, obtained when aging for one
hour at 454 oc (850°F) followed by aging for four hours at 482°C (900°F). However, the
author [78] did not compare the strength and CVN toughness of two-step aging to
strength and CVN toughness obtained after longer aging times in a single step aging
process. Hence, it is difficult to compare directly between single step and double step
aging process. Using a HIP process indeed improved the strength/CVN toughness to 176
ksi/ 8.1 J.
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Table 2.4. Effect of multistage aging on CVN toughness of base 17-4 PH steel [78].

HIP

Homogenization
at I093 °C
(2000°F), 2 h

Solution
treatment
1050°C
(1925 °F), 1 h

Aging step 1

Aging step 2

Room
temperature
CVN, J(ft-I bs)

SP

No

No

Yes

482°C(900°F), 1 h

Not performed

4(3)

850-1/900-4

No

Yes

Yes

454 °C(850°F), 1 h

482°C(900°F), 4 h

5.4(4)

850- I /950-4

No

Yes

Yes

454°C(850°F), I h

5 I 0°C(950°F), 4 h

2.7(2)

850-4/900-1

No

Yes

Yes

454 °C(850°F), 4 h

482°C(900°F), I h

2.7(2)

950- I/850-4

No

Yes

Yes

51 0°C(950°F), I h

454°C(850°F), 4 h

6.8(5)

850-1 /900-4 +
HIP

Yes

Yes

Yes

454°C(850°F), I h

482°C(900°F), 4 h

8.1(6)

Abrahams [78] observed that using a double solution treatment (1050°C , one
hour) and double step aging further improved the CVN toughness of 17-4 PH steel from
8.1 J to 9.5 J as shown in Table 2.5 . An improvement in percentage elongation from 14%
to 17% was observed in the double solution treated specimens. Upon decreasing the
double solution treatment from 1050°C to 926°C, a decrease in strength from 1238 MPa
to 1187 MPa was observed while an increase in CVN toughness from 9.5 J to 10.8 J was
observed (see Table 2.5). The percentage elongation did not change with change m
solution treatment temperature.
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Table 2.5. Effect of double solution treatment and solution treatment temperature [78].

Treatment

HIP

Homogenization

Solution
treatment

Age step I

Age step 2

CVN, J
(ft-lbs)

Y.S

850- 11900-4
+ HIP

Yes

1093°C
(2000°F), 2 h

[1050°C
(1925°F),
I h] X 2

454 °C(850°F),
Ih

482°C(900°F),
4h

8.1 (6)

1214
(176.1)

14

850-1 /900-4
+HIP+
DBLI900F

Yes

1093°C
(2000°F), 2 h

[ 1050°C
(1925°F),
I h] X 2

454°C
(850°F), I h

482°C(900°F),
Ih

9.5 (7)

1238
( 179.5)

17

850-11900-4
+HIP +
DBLI700F

Yes

1093°C
(2000°F), 2 h

[926°C
(1700°F),
I h] X2

454°C
(850°F), I h

482°C(900°F),
Ih

10.8 (8)

11 87
(172. 1)

17

Elongation
%

2.4 INSPIRATION FOR THIS WORK
Although there is abundant literature on improving strength and toughness of
steels, some of the questions are still unanswered in the literature. In this dissertation, an
attempt has been made to answer the following questions:
Can the strength and CVN toughness of 17-4 PH cast steel be improved
simultaneously by alloy addition?
How does Co addition affect the martensite recrystallization and block growth
during aging of 17-4 PH steel?
How does Co addition affect the Cu precipitate (i) size, (ii) distribution, and (iii)
kinetics in 17-4 PH steel?
Can retained austenite be beneficial to the CVN toughness of 17-4 PH steel?
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PAPER
I. Microstructure and Properties ofNb, V and N Modified CB7Cu-1 (17-4 PH) Steel

Arpana S. Murthy, Simon Lekakh, Von L. Richards, and David C. VanAken
Missouri University of Science & Technology, Rolla, Missouri

ABSTRACT
Microstructure and mechanical properties of CB 7Cu -1 ( 17-4 PH) steel modified
by addition of niobium, vanadium, and nitrogen were explored. Four heats of CB7Cu-1
steel: base, niobium modified to remove carbon from solution, vanadium modified, and
vanadium plus nitrogen modified were melted in a 45 kg (1 00 lb) induction furnace under
Ar atmosphere and cast into no-bake phenolic bonded sand molds and preheated ceramic
shell molds. Computational thermodynamics, scanning electron microscopy (SEM), Xray diffraction, and optical microscopy techniques were used to characterize
microstructures produced during homogenization, austenite conditioning, and quenching
treatments. Age hardening kinetics was studied at 460°C (860°F) and 482°C (900°F).
Tensile and charpy impact properties were measured in the peak-aged and over-aged
conditions. Fracture surfaces were observed using SEM and complex niobium-vanadium
carbonitrides were identified as fracture initiation sites. For a fixed elongation to failure,
a higher tensile strength was obtained by over-ageing the CB7Cu-1 steel modified with
niobium, vanadium, and nitrogen; however, the charpy impact energy was lower as
compared to the peak aged base CB7Cu-1 alloy.
Keywords: 17-4PH, stainless steel, precipitation hardening, niobium, vanadium,
nitrogen, charpy impact, tensile strength, heat treatment, X-ray diffraction
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1. INTRODUCTION AND THERMODYNAMIC CALCULATIONS
CB7Cu-1 stainless steel is a martensitic, age-hardenable stainless steel similar to
the wrought product 17 -4PH that yields a lath martensite microstructure upon quenching
after austenite conditioning. This steel is age hardened by the precipitation of £-Cu and
Cr23C6. However, Cr23C6 is reported to reduce ductility ' . CB7Cu-1 is often considered as
a substitute for forged steel products to assist rapid changes in prototype designs, avoid
directionality of mechanical properties, and to produce near net shape products 2. Previous
alloy modification studies to 17 -4PH steels3-4 have focused on the mechanical properties
of wrought product and there has not been much examination of modifying cast CB7Cu-1
steels. Thermo-chemical modeling software was used to predict the solidification
behavior of CB7Cu-1 steel under equilibrium conditions. In addition, a non-equilibrium
Scheil model was used to estimate the possible phase formations and transformations
resulting from alloy segregation during solidification.

The predicted proportion of

austenite formed during steel solidification and cooling is presented in Figure 1. Nickel,
being an austenite stabilizer and chromium a ferrite stabilizer, the combination of lower
Cr (16 wt.%) and higher Ni (four wt.%) helps to fully austenitize the steel and to
minimize the formation of ferrite.
The Scheil (non-equilibrium) model was used to predict the composition of last
liquid to solidify. In this model, it was assumed that no diffusion occurs in the solid
phase and that the remaining liquid is chemically homogeneous.
This computation was done by eliminating the solid phases from the free energy
calculation after temperature steps of 20°C. The real solidification process should take
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place between the limits estimated by equilibrium and those predicted by the nonequilibrium Scheil model.
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Figure 1. Equilibrium solidification in CB7Cu-l ( 17-4 PH) steel: percent austenite
versus temperature.

Figure 2 (a) and Figure 2 (b) illustrate that Cr and Nb enrich the inter-dendritic
liquid and that the liquid becomes supersaturated with respect to niobium carbide at
1370°C (2500°F).

The equilibrium amount of £-Cu and Cr23 C6 in solid condition is

shown in Figure 3. The rapid decrease in solubility with decreasing temperature for these
two phases produces the precipitation hardening effect.
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chromium carbide under equilibrium condition.

CB7Cu-1 steel with the addition of niobium, vanadium, and nitrogen was studied
in an attempt to increase the strength and toughness of the steel. Hence, strong carbide
formers, Nb and V, were added to remove soluble carbon and thereby suppress the
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formation of Cr23 C6 . Alloying with vanadium and nitrogen was used to study additional
hardening by vanadium carbo-nitride precipitation. A V: N of four: one (weight percent)
is the stoichiometric ratio for vanadium nitride formation 3 . In an earlier stud/, V: N
ratio of four : one strengthened wrought 17-4 PH steel.
The aim of the present work is to study the structure transformations in CB7Cu-1
steel and to investigate the possibility of attaining improved mechanical properties by
rnicoalloying with Nb, V, and N. The project's goals for the mechanical properties have
been set by the American Metal Casting Consortium (AMC) and have been discussed
later in this paper.

2. EXPERIMENTAL PROCEDURE
Commercially produced electric induction melted and AOD refined continuous
cast bars of CB7Cu-1 were used as charge material. Melting of these bars was carried
out in a 45 kg (100-lb) induction furnace under Ar flow to provide a protective
atmosphere. Fe75Si was added to the furnace as a silicon raiser for all the heats. Fe65Nb
was added to the furnace during melting for heat 1 while FeV and FeNb were added to
the furnace during melting for heat 2. Heat 3 was produced by addition of FeNb during
melting and nitrided FeY (78 weight percent V, 16 weight percent N) just before tapping.
Steel was tapped into a ladle at 1650°C (3000°F) and was cast into no-bake, phenolic
bonded silica sand molds (for Charpy impact bars) at room temperature. Tensile bars
were cast from preheated ceramic shell molds, which were heated to 980°C (1800°F) (see
Figure 4 ). The chemical composition of the precast ingot bar and the four heats cast at
Missouri S&T are given in Table 1 and Table 2.

25

far,Dh a'rpy lbars
Figure 4. No bake molds and shell molds after pouring.

Table 1. Chemical composition of heats.
Chemistry

c

Mn

p

s

Si

Cu

Ni

Cr

v

AI

Nb

Fe

Precast ingot

0.04

0.48

0.019

0.00

0.73

2.99

3.79

15 .8

0.06

0.004

0.18

Balance

Base heat

0.06

0.44

0.02

0.00

1.02

3.01

3.78

15.7

0.06

0.00

0.18

Balance

Heat 1

0.05

0.44

0.02

0.00

1.01

2.99

3.76

15 .7

0.06

0.00

0.40

Balance

Heat 2

0.06

0.43

0.02

0.00

1.00

2.99

3.75

15.6

0.43

0.00

0.39

Balance

Heat 3

0.06

0.43

0.02

0.00

0.99

2.99

3.75

15 .7

0.39

0.00

0.39

Balance
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Table 2. Nitrogen and oxygen content of heats.

Heat #

Nitrogen
(wt%)

Total
Oxygen
(wt%)

Dissolved
oxygen (ppm)

Ingot

0.022

0.011

Base heat

0.025

0.018

32.4

Heat 1

0.026

0.01 7

33.1

Heat 2

0.028

0.017

33.8

Heat 3

0.099

0.017

33.2

Heat treatment was done in an electric resistance heated furnace . Heat treatment
procedure included 3 steps:
1. Homogenization treatment at 1200°C (2192°F) or 1250°C (2282°F) to reduce

alloy segregation.
2. Austenite conditioning treatment at 1050°C (1922°F). The pnmary goal of
austenite conditioning was to dissolve Cu into the austenite followed by mr,
water, or liquid nitrogen quenching.

Retained austenite was measured as described in ASTM E 975 using an X-ray
diffraction technique. The recommended X-ray diffraction method includes using a Cr
source or a Cu source with a diffracted beam monochromator. Both sources were
investigated in this study. A Philips X'Pert diffractometer equipped with a proportional
counter detector was used with a Cu source. Scans were run from 30-120 degrees with a
step size of 0.03 degrees and a count time of 0.18 s. The incident beam optic module was
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an x-ray mirror, while the diffracted beam optical system was a 0.27 degree parallel plate
collimator equipped with a flat graphite monochromator. Another diffractometer (Scintag
XDS2000) with a Cr source and a scintillation detector was used to analyze one set of
specimens. Scans were performed with a step size of 0.03 degrees and a count time of 50
seconds. Scintag software was used to subtract the background, fit the curve,
quantification of diffraction peak intensity using full width at half maximum, and to
obtain relative constants (R) for these calculations. The volume fraction retained austenite
(Vy) was calculated using equation 1. The R values could be found in Table 3.

A

Vy =

[[A(200) /
a

(200 )

r

RAuslrenir~(200) /

/ RMartensire

+ r

l

/ RAusrenire

Equation 1

where:

· vr is the measured volume fraction of austenite
A~200 l is area under austenite (200) peak
A~200 l is area under (200) martensite peak
R Ausrenire

= 'R' constant for austenite phase

RMarrensire=

'R ' constant for martensite phase
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Table 3. X-Ray diffraction studies on solution treated CB7Cu-l (17-4 PH) specimens.
Homogeni zation
X-Ray

and

source

austenitization

Area under
Quench

%

Area
Rau~·tenire

Measurable/

Retained

Detectable/

austenite

Not detectable

31.9

20.18

Measurable

182.8

31.9

0

Not detectable

405.6

182.8

31.9

0

Not detectable

31.2

51.7

34.78

20.73

26.45

Measurable

6

149.8

34.78

20.73

2.33

Austenite

under

peak

Martensite

A

392

270.6

182.8

w

0

323.5

W+N

0

A

w

Rmarrenritt'

treatment

Cu

1200°C, lh, air

source

cool, 1050°C, I h

CrKa

Measurable
(but less)
Measurable

W+N

4

A

Cu

1200°C, 2h , air

source

cool , 1050°C, I h

Cu

1250°C, I h,air

source

cool , 1050°C,Ih

96.8
489.9

w

0

485.5

W+N

0

435.5

A

0

373.2

w

0

368.8

W+N

0

371.1

34.78
182.8
182.8
182.8
182.8
182.8
182.8

20.73

2.40

(but less)
Detectable

31.9
31.9

0

Not detectable

31.9

0

Not detectable

31.9

0

Not detectable

31.9

0

Not detectable

31.9

0

Not detectable

Microstructure of steel in as-cast and heat treated conditions was studied using
SEM and optical microscopy. Tensile specimens were machined to ASTM E8 size 'three'
from the pre-cast tensile bars and Charpy bars were machined prior to aging to ASTM
E23 using a charpy mill for making Charpy bars. A servo-hydraulic test frame, equipped
with laser extensometer was used to measure elongation and tensile properties. A
displacement rate of 0.02 mm/s was used during the tension test. Fracture surfaces of
tensile specimens were observed using a field emission SEM.
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3. RESULTS
3.1. Homogenization treatment The goal of homogenization is to remove alloy

segregation to the extent possible.

In particular, Cr segregation will affect the Ms

temperature and thus the retained austenite content.

Hence the cast steel was

homogenized prior to austenite conditioning to produce a more homogeneous martensitic
microstructure. An SEM equipped with an energy dispersive x-ray spectrometer was used
to analyze the as-cast microstructure of the base heat and heat 3 for the composition of
the inter-dendritic regions. Cr and Nb enrichment of these inter-dendritic regions as
forecasted by thermodynamic analyses was experimentally confirmed (see Figure 5).
Table 4 presents a standard-less chemical analysis for the matrix and inter-dendritic
regions of base heat and heat 3. The average Cr content in the alloy was 15.7 weight
percent (see Table 1), whereas the concentration of Cr in the matrix (see Table 4) was
nearly 16 to 17 weight percent and 20 to 23 weight percent Cr in the inter-dendritic
regions. These values are higher than expected based upon the true alloy chemistry and
are provided only to show the relative degree of segregation. Presence of a Nb-rich phase
(white contrast in Figure 5(b)) was also observed in the inter-dendritic regions.
The diffusion coefficient of Cr in steel was calculated using equation 2. The interdendritic spacing, h, measured in the gating system of tensile bar (preheated ceramic shell
mold) using SEM images (Figure 5) was 38[-tm ±9[-tm. The homogenization time, t at
different temperatures was estimated using equation 3, which is based upon a simple one
dimensional random walk.
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(a)

(b)

Figure 5. Back scattered electron images (using ASPEX SEM) of as-cast CB7Cu-1 steel
(a) base heat (b) heat 3. The Cr-rich phase was identified as ferrite.

Table 4. EDS analysis of matrix and inter-dendritic regions of the base heat and heat 3.

Base

Heat 3

Fe

Nb

Cr

Si

Mn

Cu

Ni

Matrix(light gray)

73

0.2

17.7

1.0

2.1

2.7

3. 1

Cr rich region (dark gray)

70.6

0

23.4

1.3

1.2

1.0

1.9

Nb rich region (white)

36.1

49.3

11.6

0.3

0.3

0.8

0.8

Matrix(light gray)

76.4

16.2

2.6

3.6

Cr rich region (dark gray)

75.2

20.7

1.4

1.4

Nb rich region (white)

10.9

D= D 0 exp(-Q / RT)
t

= h 2 / 2D

78

4.3

v

3.5

Equation 2
Equation 3
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The estimated homogenization times were approximately two hours and one hour
for 1200°C (2190°F) and 1250°C (2280°F), respectively. Experiments were conducted at
1200°C (2190°F) for one hour and two hours, as well as 1250°C (2280°F) for one hour.
All specimens were air-cooled after homogenization. The resulting microstructures were
characterized by optical microscopy.

Figure 6 depicts the microstructure after

homogenization and air-cooling of base heat specimens. Two parameters were analyzed
for the optimization of homogenization temperature and time: (1) minimization of Cr
segregation and (2) the volume fraction and morphology of the un-dissolved ferrite pools.
The volume fraction of ferrite was measured according to ASTM E562. The lowest
amount of ferrite(< 2%) was observed in the specimen homogenized at 1200°C (2190°F)
for two hours and a greater degree of spheroidization was obtained versus
homogenizations performed at either 1200°C (2190°F) for one hour or at 1250°C
(2280°F) for one hour. Similar observations have been reported for homogenization of
17-4PH

10 .

(a)

(b)

(c)

Figure 6. Optical micrographs of as-homogenized base heat specimens etched in Marbles
reagent (a) one hour at 1200°C, 4.3% ± 0.9% ferrite (b) 2 hours at 1200°C, 1.4%±0.7%
ferrite and (c) one hour at 1250°C, 3.5% ± 1% ferrite .
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3.2. Austenite conditioning treatment

The pnmary goal of austenite

conditioning is to dissolve E-Cu into the austenite. Hsiao et al. 6 determined the Ac 1 and
Ac3 temperatures via dilatometry for wrought17-4 PH steel as 725°C (1340°F) and
915°C (1680°F), respectively. The Fe-Cu phase diagram indicates 6 that the solubility of
Cu increases to approximately seven weight percent at 1040°C (1900°F) and the
suggested austenite conditioning treatment for 17-4PH is 1050°C (1920°F) for one hour7.
Hence, austenite conditioning was carried out at 1050°C (1920°F) for one hour.
Formation of martensite as well as minimizing retained austenite on quenching are
important for martensitic age-hardenable steels. The martensite start temperatures for the
experimental heats were estimated to be 244 °C (471 °F) to 249

oc (480°F)

based on

weight percent allol, using equation 4. In steels, the volume percent retained austenite
is given 9 by equation 5.

M.Jin oC)

= 539- 423[ C]- 30.4[Mn]

Vr = exp[ -0.011 * (M 5

-

Tq )]

-17.7[Ni] -12.l [ Cr] - 7.5[Mo]

Equation 4

Equation 5

where: Ms is the martensite start temperature and T q is the quench bath temperature.
Experiments with three different quenching treatments: air-cooling (A), water
quenching (W), and water quenching followed by liquid nitrogen quenching (W+N) were
done on the base heat.

The quenching treatment was investigated to determine a

procedure that would produce a minimum amount of retained austenite.

The

microstructures of the specimens after quenching are presented in Figure 7. ASTM E562
was followed to quantify the volume fraction of ferrite and the uncertainty reported is at
the 95 % confidence level (95 % CL). The ferrite volume fraction was statistically
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equivalent in the specimens quenched in water and was thus unaffected by subsequent
quenching in liquid nitrogen. In contrast, the air-cooled specimen had a higher volume
fraction of ferrite, which may suggest that the slow cooling allowed for ferrite growth as
predicted in Figure 3.

(a)

(b)

(c)

Figure 7. Optical micrograph of base heat specimen etched with Marbles reagent. The
steel was homogenized at 1200°C for 2 hours, air-cooled to room temperature, and
austenitized at 1050° C for lhour prior to quenching in: (a) air, 7.4% ± 1.3% (95% CL)
ferrite (b) water, 5.5% ± 1.6% (95% CL) ferrite and (c) water quenched followed by
liquid nitrogen quench, 3.9% ± 1.7% (95% CL) ferrite.

Table 3 presents the amount of retained austenite observed for the quenching
treatments. The amount of retained austenite was found to be low (< 2.5%) in the water
quenched specimens and in specimens for which water quenching was followed by a
liquid nitrogen quench.

Higher amounts of retained austenite were observed in the

specimens homogenized at 1200°C for one hour whereas austenite was not detectable in
samples homogenized for longer times at 1200°C or at higher temperature for equivalent
time.

This may indicate that the retention of austenite was related to the degree of

homogenization and that one hour at 1200°C is insufficient to produce an adequate
redistribution of the alloying elements. To ensure the minimum amount of retained
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austenite, an austenitization treatment of 1050°C (2190°F) for one hour, with a water
quench followed by a liquid nitrogen quench, was chosen for the age hardening
experiments.
3.3. Age-hardening kinetics

Specimens (18 mm x 18 mm x 8mm) from each

heat were cut after austenite conditioning.

Specimens were aged for different time

periods at 460°C (860°F) and 482°C (900°F). The plots of hardness as a function of time
at 460°C (860°F) and 482°C (900°F) are presented in Figure 8. Classic age hardening
behavior was observed with a more rapid hardening observed at the higher aging
temperature.
3.4. Mechanical properties and fractography Based on age-hardening kinetics
(Figure 8), peak-aged and over-aged heat treatment parameters were used for the tensile
bars (Table 5).

The results of tensile and charpy V notch toughness tests with

uncertainties calculated at the 95 percent confidence level are presented in Table 6.

Table 5. Aging time and temperatures of tensile and charpy V notch test specimens.

Temperature,

oc

Time, hours
Base heat

Heat 1

Heat 2

Heat 3

482°C, Peak aged

1

1

1

1.5

460°C, Peak aged

2

2.5

2.5

3

538°C, Over aged

4

4

4

4
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Figure 8. Hardness of age-hardened steel versus time at 482°C and 460°C
(a) base heat, (b) heat 1, (c) heat 2, and (d) heat 3.
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Fracture surfaces of over-aged (4 hours at 538°C) tensile specimens were
observed using Field Emission SEM. Cup-cone fractures were observed with radial
cracks from the center of the test bar to the base of the shear lip (see Figure 9 (a)). The
central region exhibited microvoid coalescence. Inclusions were observed in the voids
indicating the microvoid nucleation started at these inclusions (see Figure 9 (b)). The
shear lip showed elongated microvoid coalescence typical of a shear fracture (see Figure
9 (c)). In Heat 3, radial cracks were observed from the centre to the base of the shear lip
(see Figure 10 (a)). The shear lip as well as central region exhibited a fibrou s appearance.
Figure 10 (b) and Figure 10 (c) depict the shear lip whereas Figure 10 (d), Figure 10 (e),
and Figure 10 (f) are from the central region. Features 'a' , 'b' ,'d', and 'g' are Nb-rich
carbonitrides; 'c' is matrix whereas feature 'e' and 'f' are Si02 inclusions.

The

compositions of the features labeled in Figure 10 are given in Table 7.

(a)

(b)

(c)

Figure 9. Fracture surface for an over-aged tensile bar of the base heat: (a) radial cracks
at the base of a shear lip, (b) micro-voids forming at inclusions, and (c) shear lip.
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Table 6. Mechanical properties in peak and over aged conditions of cast steels.
Property/

Heats

482°C

460°C

538°C

1489± 33 ( 2 16 ±

1212± 12

(2 11±10)

5)

(176±1.75)

14 15±32

1353± 116(196±

11 83 ±1 62

1452± 71

Ultimate Tensile

Heat I

Strength,
MPa (ksi)

Heat 2

Heat 3

Base

Yield strength,

Goal- AMC

target-AMC

Temperature
Base

Minimum

(205 ±5)

17)

(172±23.5)

1302±149

1265± 254 ( I 84±

11 70± 54

(189±22)

37)

( 170± 8)

1499±137

1405± 307.8

1398±31

(217± 20)

(204±44.5)

(203± 4.5)

1277± 3 1.6

1327± 46.5

11 72±9

(185± 4.6)

(192 .5±7)

(170± 1.3)

1310 (190)

1586 (230)

I 034 (!50)

1379 (200)

5%

10%

13.6(10)

13.6(10)

1118±45
Heat I

(162± 6.5)

MPa (ksi)

1105±55
Heat 2

(160± 8)
1312± 32

Heat 3

%Elongation

Base

4.2± 4.9

5.03± 4.4

11 .55±3.3

Heat I

2.58±1 .8

1.1±0.8

8.75 ±6.3

Heat 2

1.53±1. 2

1.1 1±0.5

8.75±6.3

Heat 3

1.09±0.4

0.92±0.8

10.01±0.3

4.47± 1.99

4.02± 2.05

20.29±4.88

(3.3± 1.5)

(3 ±1.5)

(14.97±3.6)

Base

Charpy Impact
toughness,

( 190± 4.6)

Heat I

J( ft-1b)

Heat 2

Heat 3

3± 2.16

4.09±2.25

(2.2±1 .6)

(3± 1.66)

2.8±0.96

3.46± 2.65

(2 .1±0.7)

(2.55 ± 1.95)

2.324±0.88

2.6717±1.04

3.86±2.16

(1.7±0.65)

(1.97±0.77)

(2.85 ± 1.6)

* The tensile bars for base heat and heat 3 tested in peak aged conditions at 482
460° Chad diameters ranging from
5.3mm -5.8mm

** One sample had less diameter in the thread region and could not be tested
*** One sample broke at the threads in brittle inter-granular mode

Cand
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(a)

(d)

(b)

(c)

(e)

(f)

Figure 10. SEM image of fracture surface of over-aged tensile bar of Heat 3. The letters
'a' to 'h' marked in the figures indicate the points where EDS was done to obtain
chemical composition.

Table 7. Chemical composition (wt.%) of the features marked in Figure 10.
Feature I

Feature I

c

N

Nb

v

Cr

a

2.52

24.33

61.92

5.49

5.73

b

3.38

28.05

57.98

5.46

5.1 1

d

1.15

12.55

71.59

7.02

7.69

g

3.23

29. 15

48.09

4.29

15.24

h

2.8

25.58

59.41

3.97

8.24

Matrix

c

0.94

4.85

1.22

0.63

14.88

Inclusion

e

0- 65.29; AI- 1.15; Si- 33.56

f

0- 60.24; AI -2.26 ; Si - 37.5

Elements
Elements

Niobium
vanadium
carbonitride

Fe

Ni

73.32

4.15
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4. DISCUSSION
For purposes of applying the Avrami-Johnson-Mehl model, it was assumed that
the transformation was complete when peak hardness was reached.

The degree of

transformation (Vf) at various ageing times was calculated using equation 6.

Equation 6

where:

H111 is maximum hardness
H 1 is hardness at time t
H 0 is solution treated hardness

The Avarami-Johnson-Mehl equation (7) and Arhenius equation (8) were used to
determine the kinetic behavior. A plot of lnln (111 -V f) versus In time was constructed for
the four heats for determination of age-hardening exponent, n, and the activation energy,
Q, as shown in Figure 11. Isokinetic behavior was assumed for the analysis where n k 0
and Q are assumed constant.

Vf

k

= 1-

=k

0

exp( - kt) n

exp(- Q/ RT)

Equation 7

Equation 8

The age-hardening exponent 'n' obtained by least square line fit of all the heats
was 0.69 at 482°C (900°F) and 0.72 at 460°C (860°F) (Figure 11 (a)). Hence, the heats
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show isokinetic behavior. These values are similar to the 'n' value for precipitation on
dislocations 12 • The value of 'n' obtained from previous studi 1 on wrought 17-4 PH steel
was 0.95 at 455°C (851 °F) and 482°C (900°F) and 0.93 at 510°C (950°F). Mirzadeh et
al. 13 , based on linear regression model of previous studies reported 'n' values of 0.4420.484 for a temperature range of 400°C to 551 oc. Equation 8 was used to calculate the
activation energy (Q) for the four heats and the average Q obtained by a least squares line
fit was 235 kJ/mol (Figure 11 (b)). If it is assumed that the initial hardening observed
during aging is a result of a compositional modulation as observed during spinodal
decomposition 14- 15 then the value of Q may be directly related to the self diffusion of
copper. The reported activation energy for diffusion of copper in austenite (Fe-0.6Mn,
0.1Cu) is 255 kJ/mole 16- 18 , and 247 kJ/mole 19 . Laik et al. 20 reported a value of 220
kJ/mole for the diffusion of copper in austenite. Mirzadeh et al. 13 calculated the activation
energy for precipitation of Cu in 17-4 PH steel as 262 kJ/mol based on a regression
model of previous studies. Lower activation energy might be expected for the martensitic
structure.
The mechanical properties of the various heats that were peak aged at 460°C
(860°F) and 482°C (900°F) failed to meet the minimum ductility and notch toughness
goals set forth by the American Metal Casting Consortium (AMC) (Table 6). Upon over
aging at 538°C (1000°F) for four hours, the base heat failed to meet tensile strength goals
and heat 3 met all specified goals except notch toughness. A study of the fracture surfaces
showed that inclusions and (Nb, V)-rich carbonitrides initiated micro-void formation.
Large complex (Nb, V) carbonitrides contributed to lower ductility and the low notch
toughness.
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5. CONCLUSIONS
The results of Phase 1 of the project for increasing the strength and toughness of
modified CB7Cu-1 steel are presented in this article. The possibilities of improvements
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in mechanical properties by increasing Nb content and V+N modification of CB7Cu-1
steel were explored. The homogenization treatment of 1200°C for two hours, followed
by air cooling was found to be optimal and resulted in a lower amount of ferrite than
other homogenization times and temperatures. Peak aging to obtain maximum hardness
caused embrittlement, especially in the modified steels. Over aging at 538°C for four
hours produced higher tensile strengths (1398±30 MPa/203± 4.5 ksi) in the heat modified
with Nb, V, and N as compared to the base heat (1212± 12 MPa/176±1.75 ksi). A small
loss of ductility was observed for the modified alloy, but an average percent elongation to
failure greater than 8% was obtained. The Charpy impact energy of the modified heat
was lower as compared to the base heat in peak-aged as well as over-aged conditions.
The decrease in notch toughness was associated with the formation of complex cuboidshaped (Nb, V) carbonitrides of one to two microns in size. The origin of these particles
is being investigated since they contribute to void formation during fracture.

6. FUTURE WORK

Future work will be dedicated to improvement of notch toughness of modified
cast CB7Cu-1 by decreasing size and volume of complex carbonitrides. The effect of
cleanliness on steel toughness will be evaluated. The possibilities for optimization of
steel composition will be studied in Phase two of this project.
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II. On the homogenization of cobalt modified 17-4 PH stainless steel
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ABSTRACT

Three heats of 17 -4PH stainless steel, with zero, three percent, and seven percent
cobalt addition, were melted in a 45 kg (lOOlb) induction furnace under argon; and cast
into no-bake molds and preheated investment shell molds. Specimens were sealed into
quartz tubes under vacuum and homogenized at 1200°C from two h to 72 h.
Computational thermodynamics and optical microscopy were used to predict and
characterize the microstructures. The lath martensite packet size and the amount of 8ferrite were observed to be inversely related. A compromise between decrease in
segregation and increase in lath martensite packet size was chosen for the optimum
homogenization

treatment.

The

specimens

were

austenitized,

quenched,

and

characterized for retained austenite using x-ray diffraction. Age hardening kinetics were
studied at 454°C (850°F), 468°C (875°F), and 482°C (900°F); and, the activation
energies for precipitation of copper were calculated. Tensile properties and Charpy Vnotch impact energies were measured in the peak aged condition. Fracture surfaces were
observed using scanning electron microscopy and energy dispersive spectroscopy. The
addition of cobalt was found to be beneficial for the improvement of strength as well as
notch toughness.
Keywords: Cobalt, 17-4PH, Cast
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1. INTRODUCTION
Segregation in the as-cast condition is one of the drawbacks of metal casting. This
paper presents a study on the homogenization treatment of 17-4 PH cast stainless steel
and the effect of cobalt addition on tensile properties and Charpy V -notch toughness. An
ordering reaction has been reported in cobalt-containing, maraging steels and contributes
to the hardening during ageing [ 1-4]. Lattice dilatation studies show that additions of up
to six atom percent Co to iron has a negligible effect on the lattice parameter, whereas
both the modulus of elasticity and shear modulus increase with increasing cobalt
additions [5] .

Although, cobalt addition in maraging steels has been extensively

researched, and has been reported to be beneficial; it has not been explored much in other
age-hardening stainless steel systems.

2. EXPERIMENT PROCEDURE
Three heats: base 17-4 PH steel, base plus three wt.% Co added, and base plus 8
% Co added were produced in a lab scale foundry. Commercially produced electric
induction melted and AOD refined continuous cast bars of 17-4 PH were used as the base
material charge. Melting of these bars was carried out in a 100-lb induction furnace under
Ar flow to provide a protective atmosphere. It has been reported that Si increases the

fluidity [6] and tensile strength of 17-4 PH stainless steel and hence one wt.% silicon was
added to each melt in the form of Fe75Si. Steel was tapped at 1650°C (3000°F) into a
preheated ladle and was cast into no-bake molds (18x130x60mm) with top riser at room
temperature and into preheated shell molds (980°C/1800°F) for tensile bars. Table 1
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presents the chemistry of the heats.

Leco analytical equipment was used for

measurement of C, S, N, and 0 while arc spectrometer was used for all other elements.

Table 1. Chemistry of the experimental heats.
Heat#

C

Mn

P

S

Si

Cu

Ni

Cr

V

Nb

Co

0

N

Fe

Heat A

0.042 0.41 0.022 0.012 0.81 2.95 3.88 15.74 0.07 0.29 0.06 0.0195 0.015 Balance

Heat B

0.035 0.42 0.021 0.011

Heat C

0.035 0.4

1.0 2.83 3.71 15.27 0.07 0.29 2.79 0.0132 0.014 Balance

0.02 0.015 1.01 2.67 3.45 14.64 0.06 0.26 6.94 0.0149 0.019 Balance

Thermal processing of this steel is divided in to three steps: (i) Homogenization
treatment with the aim to produce a more homogenous chemical distribution. (ii)
Austenite conditioning and quenching to dissolve the precipitate phases and form
austenite for quench hardening to a lath martensite microstructure (iii) Age hardening to
precipitate £-copper.
Homogenization of the as-cast dendrite structure is necessary to get a uniform
chemical distribution of solute. Specimens from heats A, B, and C were sealed in quartz
tubes after being evacuated and backfilled with Ar. Homogenizations were performed at
1200°C for 2, 4, 8, 10.5, 21 , 42, and 72 hours and subsequently air-cooled to room
temperature. The specimens were evaluated under optical microscope for volume fraction
of 8-ferrite, lath martensite packet size, and decrease in segregation. ASTM E562 "Point
count method" was used to determine the volume percentage of 8-ferrite. Matrix of 7 x 7
grids and four fields were used for the measurements. Prediction of 8-ferrite formation
using Computational thermodynamic software is presented in Figure 1. At temperatures
close to and above 1200°C the amount of 8-ferrite is predicted to increase.
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Figure 1. Thermodynamic prediction (Factsage software) of 8-ferrite formation in heats A
(O%Co), B (3%Co), and C (7%Co).

In regard to strength and fracture of lath martensitic steel it has been shown that
the lath packet dimension is of critical importance [7 -9] and the packet size was measured
according to ASTM E112-96 using Jeffries planimetric method. Three fields with
diameter 79.8mm (area=5000mm 2 ) were used to count the number of packets.
The suggested austenite conditioning treatment for 17 -4PH steel is 1050°C
(1920°F) for one hour [10]. In an earlier study [11] of 17-4PH steel, a study of austenite
conditioning temperature upon charpy toughness and hardness indicated that austenite
conditioning treatment at 1050°C (1920°F) for one hour gave the best notch toughness as
well as hardness upon aging. Also, a study on the effect of various quenchants and
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quench temperatures on mechanical properties of 17-4 PH steel reports that the
quenching into a salt bath maintained at 150°C is beneficial for Charpy V -notch
toughness [11]. In the present study, specimens were quenched in salt bath after the
austenite conditioning treatment. The amount of retained austenite was measured
according to the ASTM E975 standard .. Scans were performed with a step size of 0.03
degrees and a count time of 50 seconds.
Age hardening response was measured by hardness as a function of time at 482°C
(900°F), 468°C (875°F), and 454 °C (850°F). Peak aging times were determined and
specimens for tensile and Charpy V -notch testing were peak aged at 482°C (900°F).
Tensile specimens were CNC machined to ASTM ES size 'three ' from the pre-cast
tensile bars and charpy bars were machined to ASTM E23 using a mill designed for
making Charpy bars. All machining was done after quench hardening and prior to aging.
A servo-hydraulic test frame, equipped with laser extensometer was used to measure the
mechanical properties. An initial displacement rate of 0.02 mm/s was used during the
tension test. Fractography was performed with the aid of a scanning electron microscope.

3. RESULTS

The as cast and homogenized microstructures of heats A, B, and C are presented
in Figure 2. Heat A had the greatest volume percent of 8-ferrite (5 to 20 %) whereas the
8-Ferrite was eliminated in heats Band C.
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(d)

(e)

(f)

(g)

(h)

(j)

(k)

(1)

(i)

Figure 2. Microstructures of steel in as cast and homogenized at 1200°C.
heat A: (a) as cast, and homogenized for (b) 4 h, (c) 10.5 h, and (d) 72 h,
heat B: (e) as cast, and homogenized for (f) 4 h, (g) 10.5 h, and (h) 72 h,
heat C: (i) as cast, and homogenized for (j) 4 h, (k) 10.5 h, and (1) 72 h.

Figure 3 (a) shows the effect of homogenization time at 1200°C on the percentage
of delta ferrite in Heat A with 95% confidence interval. Figure 3 (b) and Figure 3 (c)
show the number of packets/mm 2 with 95% confidence interval as a function of
homogenization time at 1200°C. An optimum homogenization treatment was chosen for
each steel to minimize the amount of 8-ferrite, which is detrimental to mechanical
properties [12], while maintaining a high density of lath martensite packets and
mmimlZlllg

segregation

(observed

by

optical

microscopy).

The

following

homogenization treatments were chosen for this study: 10.5 hours for heat A, four hours
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for Heat B, and 10.5 hours for Heat C. In all heats, no measurable retained austenite peak
was observed by X-ray analysis after the austenite conditioning and salt bath quenching.
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Figure 3. Effect of homogenization time at 1200 °C on (a) delta ferrite in Heat A; and
number of lath martensite packets per mm2 in (b) Heat A, (c) Heat B, and Heat C.
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Peak aging times at 482°C (900°F) were found to be 75 minutes in Heats A and
B, and 90 minutes in Heat C. Table 2 presents the peak aging time and hardness.

Table 2. Peak aging times and hardness of Heat A, Heat B, and Heat C.

(F)

B

A

Temperature, oc

c

Time,h

Hardness,HRC

Time,h

Hardness,HRC

Time,h

Hardness,HRC

454(850)

2

44

2

45

4

48

468(875)

1.75

44

1.5

44

1.75

45

482(900)

1.25

43

1.25

44

1.5
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Figure 4 presents the effect of cobalt addition on the ultimate tensile strength
(UTS), yield strength (YS), and Charpy V -notch toughness (CVN) of heats A, B, and C
with 95% confidence intervals. It was observed that the UTS increased linearly with
cobalt additions (see Figure 4 (a)). The YS values also increased with the addition of
cobalt (see Figure 4 (a)). The Charpy V -notch toughness (see Figure 4(b )) and total
elongation were found to increase from 3.7 J in base heat A to 5.6 J in heat B (3% Co)
and from 7.4% in base heat A to 9.3 %in heat B (3 wt.% Co), respectively; however, no
further increase in CVN and total elongation were observed in Heat C alloyed with 7 w%
Co.
Fracture surfaces of the Charpy V -notch impact specimens of Heat A, Heat B, and
Heat C are shown in Figure 5. Quasi-cleavage fracture with very little microvoid
formation was observed on the fracture surfaces.
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Figure 4. Effect of Co alloying on mechanical properties in peak aged condition at 482°C
(900°F): (a) Ultimate tensile strength and yield strength (b) Charpy V -notch toughness
and percentage elongation.
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Chemical analysis (EDS) of the void nucleating inclusions showed that the
inclusions were mainly MnS and Ca-Si-0 types.

(a)

(b)

(c)

Figure 5. Fracture surface of peak aged CVN specimen a) Heat A, b) Heat B, and
c) Heat C.

4. DISCUSSION
The presence of 8-ferrite in the base 17-4 PH steel heat A is in agreement with the
thermodynamic prediction as shown in Figure 1 and has been observed experimentally
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[11]. In the present study, the addition of cobalt eliminated the formation of 8-ferrite. It
was interesting to note that in the base 17-4 PH steel, the number of lath martensite
packets per mm 2 was controlled by the amount of 8-ferrite, which essentially pinned the
austenite grain diameter. A drop in the amount of 8-ferrite was accompanied by a sharp
decrease in the number of packets per mm 2 • The elimination of 8-ferrite in heats Band C
produced larger austenite grain diameters and consequently a smaller density of
martensite packets. A previous study [13] on 17-4 PH stainless steel showed that the
homogenization time affected the volume of retained austenite after austenite
conditioning and quenching. This could be because of the high concentration of the
solutes in the inter-dendritic region; leading to a lower Ms temperature and hence higher
amount of retained austenite. In the present study, the long homogenization times resulted
in much less retained austenite (below the detectable limit of XRD of< two percent).
A vrami kinetic analysis of the age-hardening kinetics is presented in Figure 6. It
was assumed that the transformation was complete when peak hardness was reached.
The volume fraction (V1) of transformation to Cu precipitates was calculated at various
ageing times. The slope of the graphs in Figure 6 (a)-(c) is the age hardening time
exponent 'n'. The values of n obtained for the various aging temperatures were similar,
indicating isokinetic behavior. The average values of n were 0.66 for heat A, 0.59 for
heat B, and 0.51 for heat C. A value of n;::::0.66 is attributed to precipitation on
dislocations [14].
The activation energies obtained were 221 kJ/mol in heat A, 220 kJ/mol in heat B,
and 253 kJ/mol in heat C (Figure 6(d)). Hence, the average activation energy of the three
heats was 231kJ/mol. Mirzadeh et al. [15] reported the average activation energy of cast
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and wrought 17-4PH steel obtained from over a large database as 262kJ/mol. The
activation energies obtained for copper precipitation from our study are in the range with
activation energy of copper diffusion. The activation energy reported in literature for
copper diffusion in austenite for steels are 255 kJ/mole [16-18] and 247 kJ/mole [19] .
Laik et al. [20] reported a value of 220 kJ/mole for the diffusion of copper in austenite for
17-4 PH steel.
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calculation for all heats.
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5. CONCLUSIONS

1) Addition of three weight percent and seven weight percent cobalt to 17-4 PH
stainless steel eliminated the 8-ferrite from microstructure. In the base 17-4 PH steel,
approximately fifteen volume percent of delta ferrite was present in the as-homogenized
condition.
2) Higher levels of 8-ferrite resulted in a higher density of lath martensite packets
or a smaller packet size.
3) The age hardening behavior of the 17-4 PH heats with and without cobalt was
found to be similar. The average activation energy for the precipitation of copper was
231k1/mol, which is close to activation energy of diffusion of copper reported in
literature.
4) The UTS showed a linear increase with percentage of Co additions. The yield
strength increased from 1140 MPa of the base heat to 1250 MPa in the three percent
cobalt added heat, and to 1290 MPa in the seven percent cobalt added heat. The Charpy
V-notch toughness increased from 3.71 in base heat to 5.61 with three percent cobalt
addition and was 5.31 in heat with seven percent cobalt addition.
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ABSTRACT

The influence of cobalt addition on precipitation of copper in a high strength
stainless steel was investigated using three dimensional atom probe tomography. A
decrease in copper precipitate size with narrowed distribution was observed in cobalt
containing steel. The concentration profile across the matrix/precipitate interface
indicated rejection of cobalt atoms from the copper precipitates. This behavior was
explained with first principles calculations using energy minimization criterion.
Keywords: 3DAP; Stainless steels; First-principle electron theory; Casting;
Preci pi tati on
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1. INTRODUCTION
Precipitation hardening (PH) steels are classified as such because they derive
strength from nanometer size precipitates formed during thermal aging. The stainless
steel designated 17-4 PH is a low carbon martensitic alloy that is precipitation hardened
by Cu. Early works on Fe-Cu steel indicate that the peak hardness is achieved when the
Cu precipitates are coherent (body centered cubic) within the martensite matrix [1-3]. Cu
precipitates have been observed in high strength steels using atom probe tomography
(APT) [4-9] . Recently, using APT, it is reported that the concentration of Cu in these Cu
precipitates is 50-70 at. % [6- 8, 10- 12]. An enrichment of Ni and Mn at the Cu
precipitate/matrix interface has been observed [7, 8, 10]. These studies [4-12]
demonstrate that APT is an effective technique to estimate the precipitate size,
morphology, and composition across the precipitate-matrix interface and thereby assists
in further understanding of precipitation in steels.
Co addition to martensitic steel has been reported to increase strength by
inhibition of dislocation recovery, reduction in martensitic block size, and thus produce
higher secondary hardening [13]. Co addition to wrought 17-4 PH steel has led to an
increase in hardness [14, 15]. Recently, the authors observed an increase in strength and
toughness by Co addition to cast 17-4 PH steel [16]; however, the effect of Co on the Cu
precipitation in cast 17-4 PH steel was not fully understood.
In the present work, APT and first principles investigation have been employed to
understand the effect of Co on Cu precipitate formation.
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2. ATOM PROBE TOMOGRAPHY

Three cast alloys: 17-4 PH with no Co, and 17-4 PH alloyed with 3 wt. % and 7
wt. % Co additions were melted in a 45 kg coreless induction furnace under an inert gas
(Ar) cover protection and cast into no-bake molds with a top riser to obtain Y-blocks
measuring 18xl30x60mm, and into ceramic shell molds preheated to 1253 K to produce
tensile specimens. Chemical analysis of each heat was obtained using an arc spectrometer
ARL 4460, a LECO TC 500 analyzer to measure oxygen and nitrogen, and a LECO CS
600 analyzer to determine carbon and sulfur (see Table 1).

Table 1. Chemistry of the alloys studied.
Chemical composition
All oy

Unit

c

Mn

p

s

Si

Cu

Ni

Cr

v

Nb

Co

0

N

Fe

wt.%

0.042

0.41

0.02

0.01

0.81

2.95

3.88

15.74

0.07

0.29

0.06

0.02

0.02

Bal

at.%

0.19

0.41

0.04

0.02

1.59

2.55

3.63

16.64

0.08

0.1 7

0.06

0.07

0.06

Bal

wt.%

0.035

0.42

0.02

0.01

1.00

2.83

3.71

15.27

0.07

0.29

2.79

0.01

0.01

Bal

at.%

0. 16

0.42

0 .. 04

0.02

1.96

2.45

3.48

16.15

0.08

0.17

2.60

0.05

0.05

Bal

wt.%

0.035

0.40

0.02

0.02

1.01

2.67

3.45

14.64

0.06

0.26

6.94

0.01

0.02

Bal

at. %

0.16

0.40

0.04

0.03

1.98

2.31

3.24

15.51

0.06

0.1 5

6.49

0.05

0.07

Bal

OCo

3 Co

7Co

Bal=Balance

The specimens of 0 wt. % Co and 7 wt. % Co steels were homogenized for 10.5
hours at 1473 K, and those of 3 wt. % Co steel were homogenized for 4 hours at 1473 K,
to minimize the lath packet size, delta ferrite and segregation in the microstructure, as
described elsewhere [16]. Next, these specimens were solution treated at 1323 K for 1
hour and quenched into a salt bath, maintained at 423 K. The 0 wt. % Co and 3 wt. % Co
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specimens were peak aged at 755 K for 75 minutes and 90 minutes for the 7 wt. % Co
specimen [ 16]. The room temperature tensile and charpy V notch properties of these
alloys with 95% confidence limit are reported in Table 2 [16] . It was observed that
addition of Co led to an improvement in strength as well as toughness [16].

Table 2. Tensile and charpy V notch toughness properties of 0 wt. % Co, 3 wt. % Co, and
7 wt. % Co 17-4 PH alloys.
Alloy,

UTS,

Y.S,

%

wt.%Co

MPa

MPa

Elongation

0

1280±55

1140±94

7.4±0.02

3.7±1.8

3

1360±22

1250±36

9.3±2.8

5.6±2.3

7

1440±31

1290±67

9.3±0.6

5.3±1.5

CVN,J

Specimens of 0.3 x 0.3 x 10 mm were cut from peak aged blanks and tips for
atom-probe tomography (APT) were prepared by electropolishing at room temperature in
two steps: initially with 10% perchloric acid in acetic acid at 15-17 Vctc, and final
polishing using 2% perchloric acid in butoxyethanol at 13-14 Vctc· The specimens were
analyzed using a local electrode atom probe LEAP4000XSi tomograph manufactured by
Cameca, Madison, WI (formerly Imago Scientific Instruments). The analyses were done
with a 500kHz pulse repetition frequency, 50 pJ pulse energy, specimen temperature of
40 K, and a 1% evaporation rate. IVAS 3.4 software was used to do an atom by atom 3D
reconstruction of the data sets and data analysis [17]. To calculate proximity histogram
[18] concentration profiles, the Cu rich precipitates were discriminated by a 10% Cu
isoconcentration surface, obtained with a voxel size of 1 nm and delocalization of 3 nm.
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Approximately 2000 precipitates were analyzed in each specimen. To take potential
distortion [19] of the precipitates in the reconstruction into account, the precipitate radius
was calculated from the number of atoms in a given precipitate, and not measured
directly from the reconstruction. The cluster search method with maximum separation
algorithm [20] was used to calculate the number of atoms and volume of the precipitates.
The minimum number of atoms defining a cluster 'Nmin' was 50 atoms and the critical
distance (dmax) between solute atoms was 0.6 nm.
The average volume equivalent radius of these spherical Cu precipitates
calculated using equation (1) were 2.26 ± 0.016 nm in 0 wt.% Co, 2.15 ± 0.014 nm in 3
wt.% Co, and 2.18 ± 0.014 nm in 7 wt.% Co 17-4 PH steel.

(1)

n
V = ---Paromic ·

f

For equation (1 ), n is the number of atoms detected for each Cu precipitate by
maximum separation algorithm, Vis the volume of the precipitate,
density of bee iron,

Patomic

is the atomic

f is the overall detection and reconstruction efficiency estimated to

be 0.5 [7]. Figure 1 presents a representative volume of 40nm x 40nm x 40nm for all
three alloys investigated, with the Cu precipitates discriminated by a 10 at. % Cu
isoconcentration surface.
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Figure 1. A 40 nm x 40 nm x 40 nm representative isosurface of Cu precipitates in
(a) 0 wt.% Co 17-4PH, (b) 3 wt.% Co 17-4PH and (c) 7 wt.% Co 17-4PH.

The probability of two data sets being different from each other with statistical
significance can be determined using a statistical t-test analysis. The unequal variance ttest analysis was conducted between the Cu precipitate radii of 0 wt. % Co and 3 wt. %
Co steel, and 3 wt. % Co and 7 wt. % Co steel. The probability of the radii data of 0 wt.
% Co and 3 wt. % Co steel being different is >0.99 and that for 3 wt. % Co and 7 wt. %
Co is > 0.94; thereby indicating that the data sets were different to a statistically
significant extent. Figure 2 presents the Cu precipitate size distribution with respect to
radii normalized by the mean radius for each of the three alloys. The standard deviation
in the radius of the precipitates is 0.715 nm in 0 wt. % Co steel, 0.643 nm in 3 wt. % Co
steel and 0.637 nm in 7 wt. % Co steel. It is observed that the size distribution is narrower
in the steels with Co as compared to the steel with no Co.
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Figure 2. Normalized and scaled Cu precipitate particle size distributions in 17-4PH steel
with (a) 0 wt.% Co, (b) 3 wt.% Co, and (c) 7 wt.% Co, after aging to peak hardness.

The isoconcentration surfaces outlined at 10 at. % Cu delineates all areas with a
Cu concentration greater than 10 at. %. The proximity histogram concentration profiles of
Fe, Cu, Cr, Ni, Co, Si, and Mn were determined with respect to the distance from this
isoconcentration surface as described in [7] and are shown in Figure 3. The concentration
of Cu in the center of the Cu precipitates is 50-70 at. %, in agreement with the
observations by previous investigators [7, 8, 10- 12] and the interface showed strong
enrichment by Ni and Mn, similar to published results [7, 8, 10]. The concentration of
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Co in the precipitates was much less than in the matrix; indicating that Co is rejected
from the Cu precipitates into the matrix during the Cu precipitate formation.
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Figure 3. Proximity histogram concentration profiles of Fe, Cu, Cr, Ni, Si, and Mn across
Cu precipitate-matrix interface, with respect to a 10 at.% Cu isoconcentration surface (a)
0 wt.% Co (b) 3 wt.% Co (c) 7 wt.% Co.

3. FIRST PRINCIPLES STUDY AND DISCUSSION
First principles density functional calculations were performed to estimate the
effect of Co on Cu precipitate formation. The calculations of electronic structure and total
energies were performed using the Vienna Ab-initio Simulation Package (V ASP) within a
projector augmented waves (PAW) formalism [21- 23] with the generalized gradient
approximation for the exchange-correlation functional [24] .

The equilibrium lattice

parameters of bee Fe, hcp Co, and fcc Cu calculated with 16 x 16 x 16 k-points in the
Brillouin zone were found in a good agreement with earlier experimental results [25].
The atomic interactions between Fe, Co, and Cu in bee iron matrix were studied by
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comparing the total energy of 54-atom supercells with different Co and Cu substitution
sites. The purpose of study of each configuration is outlined in Table 3. The substitution
sites used in the models are shown in Figure 4.

Table 3. First principles study of different atomic configurations of Cu and Co in bee Fe.
Model

Purpose

A

Cu-Cu interaction

B

Cu-Co interaction

c

Preference of Co to occupy comer versus center site in Cu precipitate

D

Preference of Fe versus Co in Cu precipitate

E

Preference of Co to occupy a near versus far away site from Cu
precipitate
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(iii)Cu(1 )-Co(4)
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Figure 4. Atomic positions of Cu, Co, and Fe in (a) Models A and B (b) Models C, D,
and E. The substitution sites are numbered in the figure. The sites substituted by atoms in
each configuration are denoted in parenthesis.
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Model A was used to evaluate the Cu-Cu interaction in bcc-Fe (Figure 4(a)). It
included two Cu atoms in bcc-Fe. Three configurations (i) the first nearest neighbors
Cu1-Cu2, (ii) the second nearest neighbors Cu1 -Cu3 and (iii) the remote Cu1-Cu4
positions were compared. With respect to configuration (iii), the decrease in energy was
0.23 eV in configuration (i) and 0.08 eV in configuration (ii). These results demonstrate
that the interaction between the first and the second nearest Cu atoms is strongly
attractive in bcc-Fe. Similar results have been observed [26, 27].
Model B was used to determine the atomic interaction between Cu and Co atoms
in bcc-Fe (Figure 4(a)). Three configurations (i) the first nearest neighbors Cu1 -Co2, (ii)
the second nearest neighbors Cu1-Co3 and (iii) the remote Cu1-Co4 positions were
compared. The energy gain was less than 0.01 eV for all different Co locations relative to
Cu; and thus, Co has no preference to occupy the sites near a Cu atom.
For models C, D, and E, the Cu precipitate was modeled as a bee-like Cuprecipitate consisting of nine Cu atoms [Cu9] inserted into bee Fe matrix (Figure 4(b )).
Model C was used to determine the preference of Co to occupy a center site or comer site
within a Cu precipitate present in the bee Fe matrix. The total energy of structurally
relaxed [CoCu8] Fe45 supercells and the Co-Cu distance were compared for two
configurations: (i) Co in the center of the Cu-precipitate (site 2), and (ii) Co substituted
for Cu atom at the comer of the Cu-cube (site 1). We obtained that case (ii) was
energetically more favorable by 0.80 eV as compared to the case (i). The Co-Cu distance
in case (i) was 2.482

A and in case

Co atoms in case (ii) was 2.416

(ii) was

2.494

A.

The distance between the Fe and

A, which is lower as compared to Co-Cu distances. From
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this model, it was predicted that the formation of the strong Fe-Co bonds is the reason for
the Co-in-comer configuration being energetically more favorable .
Model D was used to determine the relative preference of Fe or Co to be present
in the Cu precipitate in a bee Fe matrix. In this model [FeCu8] CoFe44, one Fe atom is in
the center of the Cu-precipitate (site 2), whereas Co substituted for a remote Fe atom (site
4), i.e., Co is in the Fe matrix away from the Cu precipitate. It was observed that the case
[FeCu8] CoFe44 where Co substituted for Fe atom and was at a distance away from the
Cu atoms (site 4) was lower in energy by 0.09 eV than the case with the configuration
[CoCu8] Fe45 with Co in the center site of the Cu precipitate (Model C, case(i)). This
model predicts that inside a Cu precipitate, the presence of Fe atoms is energetically
preferred over Co atoms.
Model E was used to determine the preference of Co atom to be present close to
the Cu precipitate or far away from the Cu precipitate. In this model, [Cu9] Fe44Co, the
bee-like Cu precipitate [Cu9] contained neither Fe nor Co, and Co was present in the Fe
matrix (i) near the nine-atom Cu cube, at the body center of an adjacent unit cell (site 5);
or (ii) far from the Cu-precipitate (site 4). In case (i), four Co-Fe bonds and four Co-Cu
bonds were formed as compared to case (ii) where eight Co-Fe bonds were formed. The
total energy of case (ii) was lower by 0.42 eV than the case (i). Hence Fe-Co bonds are
more stable than the Co-Cu bonds.
Further, using the 54 atom bee supercell, the mixing energies

Emix

of impurity

metal (Me) in bee Fe and bee Cu were calculated according to equation (2) and equation
(3):
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Emix (Me Fe) = E(Fe53Me) - 53E(Fe) - E(Me)

(2)

Emix(MecJ = E(Cu53Me) - 53E(Cu) - E(Me)

(3)

where: E(Fe53Me) and E(Cu53Me) are the total energies of the 54 atom supercell of bee
Fe and bee Cu, respectively, with substituted impurity Me; E(Fe), E(Cu) and E(Me) are
the total energies of the corresponding pure metals. A large difference in mixing energies
ofCu and Co in bee Fe was observed. The Emix was determined as +0.56 eV and -0.14 eV
for 1.8 at. % content of Cu and Co in bee Fe, respectively, which correlates with the low
solubility of Cu in bee Fe and the existence of bee Fe-Co solid solutions up to

-:::::,7 5

at.%

Co as observed in the Fe-Co phase diagram[28] . The mixing energies of 1.8 at % Fe and
1.8 at% Co in bee Cu are both positive: +0.21 eV and +0.48 eV, respectively, which is in
accord with a limited solubility of both Fe and Co in Cu.
From the above models and mixing energies, it is observed that in Fe-Co-Cu
system, Co has a strong tendency to form the strong Fe-Co bonds. Hence, during thermal
aging, it is expected that Co would be rejected from the Cu precipitate to the interface
and matrix, and over time result in lower concentration of Co in the Cu precipitate as
compared to the interface and matrix. The lower concentration of Co in the Cu precipitate
as compared to the matrix observed using APT (Figure 3(b) and (c)) is hence explained.

4.SUMMARY
In summary, the APT study in conjunction with first principle studies have been
used to study Cu precipitation in 17-4 PH steel. The average radius of the Cu precipitates
is lower with statistical significance in the Co alloyed 17-4 PH steel as compared to with
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no Co. The distribution of Cu precipitate radii narrowed with Co addition and Co is
rejected out of the Cu precipitate during their formation. Therefore, it is concluded that
the presence of Co significantly affects the size and size distribution. The first principles
study shows that the tendency to form strong Fe-Co bonds leads to rejection of Co from
Cu precipitates.
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ABSTRACT
The effects of Co addition and retained austenite on the mechanical properties of
cast 17-4 PH steel were studied. The microstructures of base 17-4 PH steel, three wt.%
Co , and seven wt.% Co containing 17-4 PH steels in solution treated and peak aged
conditions were investigated using orientation image microscopy. Co addition inhibited
the formation of delta ferrite upon solidification. In the base 17-4 PH

steel, lath

martensite block boundary bulging, a change in block boundary misorientation, and an
increase in block width from 2.27 ± 0.10 1-1m in solution treated condition to 3.06 ± 0.17
1-1m upon aging at 755 K indicated an occurrence of recrystallization by boundary
migration. The frequency of high mobility boundaries (15°<9<45°) was 24% in the base
17-4 PH steel as compared to -10% in the Co containing steels. Co addition to 17-4 PH
steel resulted in inhibition of block coarsening and recrystallization during tempering. An
increase in strength from 1140 MPa in base steel to 1250 MPa in three wt.% Co, and to
1290 MPa in seven wt.% Co containing steels was observed. An increase in room
temperature CVN toughness from 3. 7 J in base 17-4 PH steel to 5.6 J in steels containing
three wt.% Co and to 5.3 J in seven wt.% Co was observed. Increasing the amount of
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retained austenite from infinitesimally small amount to three percent improved the peak
aged CVN toughness from 5.7 J to 16.4 J in a three wt.% Co modified steel containing
0.5 wt.% V, 0.06 wt.% N, and three wt.% Co. Comparison of retained austenite and
martensite regions using atom probe tomography showed scavenging of phosphorus by
austenite, which is one of the proposed mechanisms for toughness improvement. A yield
strength of 1140 MPa, 14% elongation, and 16 J room temperature CVN toughness was
achieved in peak aged condition in a three wt.% Co modified steel containing 0.5 wt.%
V, 0.06 wt.% N, and three wt.% Co, and three percent retained austenite.
Keywords: Orientation image microscopy; martensite; block width; cobalt;
phosphorus; retained austenite; atom probe tomography

1. INTRODUCTION

Martensitic precipitation hardened (PH) steels are widely used because of their
ease of welding, high strength, relatively good ductility and excellent corrosion resistance
[1]. Some popular applications of martensitic PH stainless steels are in gears, splines,
valves, shafts [1], and dental implants [2] . Cast PH steel is a good substitute for forged
steel products to assist rapid changes in prototype designs, produce near net shaped
products, and to avoid directionality of mechanical properties [3] . Recent studies to
improve strength and toughness of CB7Cu-1 (17-4 PH) steel [4] by alloy addition and
heat treatment optimization makes this cast PH steel a potential candidate to replace more
expensive titanium alloys which are difficult to melt and fabricate. 17-4 PH stainless steel
is a low carbon martensitic alloy, precipitation hardened by Cu. Nb is present in this steel
to remove soluble carbon and thereby suppress the formation of Cr2 3C6. The UTS of cast
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17-4 PH steel is in the range of 895 MPa to 1240 MPa [5], depending on the age
hardening treatment. The American Metal Consortium is aiming for targets shown in
Table 1.

Table 1. Mechanical property goals set by American Metal Consortium.
Parameter

Minimum
Target/Requirement

Goal

UTS, MPa (ksi)

1310 (190)

1586 (230)

YS, MPa (ksi)

1034 (150)

1379 (200)

% Elongation

5

10

CVN, J (ft-lb)

13.6 (10)

13.6 (10)

In a low carbon micro-alloyed steel [6], an increase in yield strength (Y.S.) and
ultimate tensile strength (UTS) by 100 MPa was observed with addition of 0.04 wt.% Nb
or 0.09 wt.% V while the room temperature Charpy V notch (CVN) toughness decreased
from 79 1 to 20 1 with V addition and from 79 1 to nine 1 with Nb addition [6]. A V toN
ratio of 4:1 gives the correct stoichiometry for VN formation in steels [7]. In an earlier
study [8], a V: N ratio (weight percent) of 4:1 was used to strengthen wrought 17-4 PH
steel. The common grades of high strength low alloy steels such as C42, C45, C50, C55
etc. have a Nb:V ratio of 1:2 (weight percent) In a study by the authors [4] , it was
observed that the steel containing 0.1 wt.% N in addition to 0.2 wt.% Nb and 0.4 wt.% V
improved strength of 17-4 PH steel by

~

200 MPa. However, there was a reduction in

room temperature CVN toughness from 20 1 to 4 1 as compared to the base alloy. Coarse
Nb-V carbonitrides were identified as the fracture initiation sites [4].
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Maraging steels, Transformation Induced Plasticity (TRIP) steels, and nine wt.%
Ni steels utilize retained austenite to increase the CVN toughness and ductility [9] . It is
suggested that the low M5 temperature in the highly alloyed steels leads to stabilization of
austenite which forms as thin films at the lath boundaries [10]. There are several
mechanisms [11,12] by which retained austenite is proposed to improve CVN toughness
such as (i) TRIP mechanism wherein higher energy is absorbed due to transformation of
plastically deformed austenite to martensite; (ii) crack blunting wherein crack is diverted
when it reaches an area of retained austenite and leads to higher energy absorption; (iii)
austenite scavenging where austenite traps P and S and prevents them from lowering the
cohesive strength of interface; and (iv) cleavage impairment where austenite transforms
to a martensite variant upon tempering, thereby increasing the number density of high
angle boundaries and toughness. The authors studied the effect of retained austenite [13]
on the mechanical properties of a 17-4 PH alloy containing 0.4 wt. % V, 0.1 wt. % N, and
0.2 wt.% Nb. An increase in the amount of retained austenite in the microstructure from
infinitesimally small to two percent increased the CVN toughness from seven J to ten J in
the over aged condition, work hardening exponent from 0.06 to 0.08, and the UTS/YS
ratio from 1.08 to 1.25 [13]; however a decrease in yield strength by

~150

MPa was

observed.
From the previous studies by the authors on Nb, V, and N additions to 17-4 PH
steels [4] and with two to three percent retained austenite [13] , it was observed that to
achieve yield strength > 1050 MPa, hardness should be greater than or equal to 42 HRC.
Hence, if the hardness upon overaging for 4 h at 811 K was less than 42 HRC, then the
mechanical properties were determined for peak aged condition at 755 K [13].
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Co addition to maraging steels and high speed steels provides strengthening [ 1417]. Addition of Co to low carbon (0.03 wt.% ), 17 wt.% Ni, 8.5 wt.% Co and 4.5 wt.%
Mo containing cast steel has increased the UTS by 62 MPa per wt.% Co addition, the Y.S
by 65 MPa per wt.% Co addition, and hardness by one HRC per wt.% Co addition [18].
In a Fe-18 Ni alloy, addition of eight wt.% Co increased the strength from 140 MPa to
310 MPa [19]. The hardness of 17Cr-4Ni-2Mo steel upon aging at 723 K for one hour
increased from 34 HRC (reported as 335 HV) to 39 HRC (reported as 385 HV) with the
addition of three wt.% Co [20]. Addition of two wt.% Co or four wt.% Co to 17-4 PH
steel increased the hardness from 46 HRC (reported as 465 HV) to 48 HRC ( reported as
485 HV) when aged for 0.5 h at 723 K; while upon aging for two hours at 723 K, the
hardnesses were 45 HRC (reported as 452 HV) in steel with no Co, 46 HRC (reported as
460 HV) in steel with two wt.% Co, and 47 HRC (reported as 475 HV) in steel with four
wt.% Co [21] . In a martensitic 10 Ni-Cr-Mo alloy, an addition of eight wt.% Co [15]
inhibited recovery during tempering which resulted in finer (Mo, Cr)2C carbides that are
nucleated on dislocations [2] . The increase in yield strength observed by addition of
cobalt has been attributed to inhibition of dislocation recovery [ 15], increase m
nucleation density and subsequent formation of finer secondary carbide [4, 8] .
Co addition also suppresses delta ferrite phase in martensitic stainless steels [20,
23, 24]. In a 17 Cr martensitic alloy, addition of one wt. % Co eliminated delta ferrite
from the microstructure [24]. Studies on the effect of delta ferrite on CVN toughness
have received attention in the area of welding of steels where delta ferrite forms during
solidification after welding. In low carbon martensitic stainless steels [23, 25], it has been
observed that minimizing delta ferrite improves the CVN toughness by decreasing the
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ductile to brittle transition temperature (DBTT). Secondary cracks [25] were observed in
the cross section of fracture surface in specimens with delta ferrite. Inspite of the benefits
of Co addition to steels, the high cost of Co and lack of demand for Co-containing steels
resulted in much less research on Co alloyed PH stainless steel.
The strength and toughness of martensitic steels is dependent upon block width
which is the smallest unit of martensite structure with high angle boundaries [26, 27].
During tempering of lath martensite, block growth and recrystallization occur by
migration of high angle boundaries [28- 31] . The activation energy associated with
boundary migration of low angle boundaries is twice as high as that for boundaries
between 18-32° [32]. The necessary conditions for grain boundary bulging and migration
in lath martensite are (i) a bulging grain boundary has a misorientation of 15-45° with an
adjacent boundary and (ii) the migration of a bulging boundary must occur from a region
of low dislocation density to a higher one [30]. A very high fraction of boundaries in lath
martensite are misoriented by less than 15° or greater than 50° [30, 33], thereby leaving
only a small fraction of high mobility boundaries. For the second (ii) necessary condition
to be met, onset of recovery is required to generate regions of high and low dislocation
densities [30]. Although Co addition to steels is known to inhibit recovery of dislocations
leading to finer subsequent carbide precipitation during tempering, the effect of Co on
recrystallization of martensite is less reported.
The objective of the research reported m this paper is to understand the
mechanisms by which strength and toughness of 17-4 PH steel could be improved. The
work reported in this paper focused on to understand (i) the effect of Co on
recrystallization and block growth of martensite during aging and (ii) the segregation of
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phosphorus to retained austenite versus martensite. Orientation Image Microscopy (OIM)
and Atom Probe Tomography (APT) were used to understand these mechanisms.

2. PROCEDURE
Four alloys; base, three wt. % Co alloyed, seven wt. percent Co alloyed , and
three wt.% Co modified (3 wt.% Co, 0.5 wt.% V, 0.06 wt.% N) 17-4 PH were melted in a
100 lb careless induction furnace. An Ar gas cover was maintained by flowing Ar at a
rate of 0.85 N m 3/h over the melt and covering the furnace with kaowool. The alloys were
cast into no-bake molds with top riser to obtain Y-blocks measuring 18 mm x 130 mm x
60mm, and into ceramics shell molds preheated to 1270 K to produce tensile specimens.
Chemical analysis of each heat was obtained using an optical emission spectrometer ARL
4460. Oxygen and nitrogen were measured using a LECO TC 500 analyzer and LECO
CS 600 analyzer was used for carbon and sulfur. The chemistry of these alloys is shown
in Table 2 [34, 35] .Base, three wt.% Co, and seven wt.% Co steels were used to study the
effect of Co while three wt.% modified steel was used to study the effect of retained
austenite in 17-4 PH steel.
Table 2. Composition of alloys produced at Missouri S&T.
No#

c

Mn

p

Si

Cu

Ni

Cr

v

Nb

Co

Fe

N

Base

0.042

0.015

0.41

0.022

0.81

2.95

3.88

15.74

0.07

0.29

0.06

Balance

3 wt. % Co

0.035

0.014

0.42

0.02 1

I

2.83

3.71

15 .27

0.07

0.29

2.79

Balance

7 wt.% Co

0.035

0.019

0.4

0.02

1.01

2.67

3.45

14.64

0.06

0.26

6.94

Balance

0.06

0.064

0.47

0.014

1.19

2.8

4.05

16.46

0.48

0.16

3.3

Balance

3 wt. %
Modified

* Alloys are referred to by Co concentration.
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The as-cast microstructure of 17-4 PH steel is martensitic with remnant delta
ferrite from the peritectic transfmmation. As previously reported, Co addition eliminates
delta ferrite from the cast microstructure [34, 36]. The specimens of base and seven wt.
%Co steels were homogenized for 10.5 hours at 1473 K and three wt% Co steel were
homogenized for four hours at 1473 K to minimize the lath packet size, delta ferrite and
segregation in the microstructure, as described elsewhere [34]. Further, these specimens
were solution treated at 1323 K for one hour and quenched in a salt bath maintained at
423 K. The amount of retained austenite was measured according to the ASTM E975
standard using X-Ray diffraction. A Cu source was used and scans were performed with
a step size of 0.03 degrees and a minimum count time of 50 seconds. After the solution
treatment, the kinetics of precipitation of Cu were studied using hardness and differential
scanning calorimetry techniques. For the hardness study, the specimens were aged in a
salt bath maintained at the temperature with ± 2 K. Hardness was measured as a function
of time at 755 K, 741 K, and 727 K and the time to peak hardness was determined. The
microstructure of the base, three wt% Co, and seven wt.% Co steels in solution treated
and peak aged conditions were characterized by Orientation Image Microscopy (OIM)
using a Helios Nano Lab 600 with a step size of 0.2

)liD,

15 kV energy and 2.7 nA

current. A misorientation of less than 2° between adjacent pixels was ignored. The high
angle boundaries were defined as having misorientation greater than 15°. The block
width was measured using linear intercept method with fifty horizontal rasters across the
image. More than 1500 line intercepts were analyzed in each specimen. For the steel
without Co, subsets of the image were analyzed to remove delta ferrite from the block
size calculation.
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The three wt.% Co modified steel (three wt.% Co, 0.5 wt.% V, 0.06 wt.% N) was
used to study the effect of retained austenite on CVN toughness. Specimens were
homogenized at 1473 K for 2 hours followed by air cooling, austenitized at 1323 K for 1
h and quenched into salt bath (maintained at 423 K). The amount of retained austenite
was measured according to the method in ASTM E 975. The mechanical properties were
measured in peak aged (755 K, 1.5 h) condition because the hardness was less than 42
HRC (<37 HRC) in the over aged (811 K for 4 h) condition. A set of CVN specimens
were homogenized at 1473 K for 2 h, air cooled, austenite conditioned at 1323 K for 1 h
were quenched into water followed by liquid nitrogen, and peak aged at 755 K to study
the effect of retained austenite on CVN toughness.
Atom probe tomography (APT) was used to study the distribution of atoms in
alloys base and three wt.% Co modified (three wt.% Co, 0.5 wt.% V, 0.06 wt.% N) in
peak aged at 755 K condition. The specimens were austenite conditioned at 1323 K for 1
h and quenched in salt bath at 423 K prior to aging. Tips for atom probe tomography
(APT) were prepared from specimens of size 0.3 mm x 0.3 mm x 10 mm by
electropolishing at room temperature in two steps: initially with 10% perchloric acid in
acetic acid at 15-17 Vde, and final polishing using 2% perchloric acid in butoxyethanol at
13-14 Vdc· A local electrode atom probe LEAP4000XSi tomograph manufactured by
Cameca, Madison, WI (formerly Imago Scientific Instruments) was used. The analyses
were done with a 500 kHz pulse repetition frequency, 50 pJ pulse energy, specimen
temperature of 40 K, and a 1% evaporation rate. IV AS 3.4 software was used to do an
atom by atom 3D reconstruction of the data set and for data analysis.
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3. RESULTS
The X-ray diffraction analysis of base, three wt.% Co, and seven wt.% Co steels
in solution treated condition revealed no retained austenite peaks [34]. The peak aging
time at 755 K was 75 min in base and three wt.% Co steels, and 90 min in seven wt.% Co
steel [34] . Typical lath martensite structure was observed. The microstructure of base,
three wt.% Co, and seven wt.% Co steels in solution treated condition and peak aged
condition are shown in Figure 1. The high angle boundaries (> 15°) are indicated by black
outlines.
For base steel, the block width measured by linear intercept method increased
from 2.27 ± 0.10 !liD to 3.06 ± 0.17 !liD upon peak aging at 755 K (see Figure 1(a) and
1(d)). On the other hand, the block size of three wt.% Co and seven wt.% Co steels did
not change to a statistically significant extent after aging. The block size of three wt.%
Co steel was 2.96 ± 0.16 !liD in solution treated condition and 2.81 ± 0.16 [till in peak
aged condition. In seven wt.% Co steel, the block size was 2.17 ± 0.08 !liD in solution
treated condition and 2.02 ± 0.10 !liD in peak aged condition. These studies indicate that
addition of three wt.% Co or seven wt.% Co to steels produces a finer martensitic
structure and retards the growth of the martensite blocks during tempering.
The minimum misorientation between adjacent blocks of lath martensite

IS

expected to be 10.53° [26]. Hence, a comparison of block size between defining the block
boundaries as > 15° and > 10° was done for the steels with and without Co and is shown in
Figure 2 (a) and Figure 2 (b).
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 1. Orientation image map in solution treated condition: 1050°C for 1 h and
quenched in salt bath at 150°C of (a) base steel (b) three wt.% Co steel, and (c) seven
wt.% Co steel. Orientation image map after peak aging at 755 K for 75 minutes in
(d) base steel, (e) three wt.% Co steel, and 90 minutes in (f) seven wt.% Co steel. The
block width of base steel increased upon aging. The arrows in (d) show the bulged block
boundaries. Co addition inhibited the increase in block width during aging.

A consistent increase in block size by 10% was observed upon increasing the high
angle boundary definition from > 10° to > 15°. Hence, the definition of block boundary as
>10° or >15° does not change the net effect on block growth. By defining the block
boundary as >15°, the block width of martensite in the base steel increased from 2.27 ±
0.10 1-1m to 3.06 ± 0.17 1-1m upon aging while in three wt.% Co and seven wt.% Co steels,
the block width did not change to a statistically significant extent.
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Figure 2. Martensite block size of base, three wt.% Co, and seven wt.% Co steels with
angle boundaries defined as (a) greater than 15° (b) greater than 10°. The unshaded bars
represent solution treated condition while the shaded represent aged condition. In base
steel, the block width increased during aging. Defining the high angle boundaries as >15°
increased the block width uniformly by:::::: 10%.

Figure 3 (a)-(c) shows the misorientation angle distribution of base, three wt.%
Co , and seven wt.% Co steels in solution treated and peak aged conditions. The authors
observed that Co addition eliminates delta ferrite from the matrix and thereby leads to
larger prior austenite grains and a lower number density of martensite packets [34].
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Figure 3. Misorientation angle distribution relative to adjacent boundaries in (a) base
steel (b) three wt.% Co steel, and (c) seven wt.% Co steel. The frequency distribution is
typical of lath martensitic structure. In base steel, the frequency of peak at 45° is higher
by ~ 10% as compared to three wt.% Co steel and seven wt. % Co steel.
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Therefore, the fraction of the high mobility boundaries (15°-45°) is expected to be
lower in Co added steels. The frequency of high angle boundaries with a misorientation
of 15°-45° in base, three wt.% Co, and seven wt.% Co steels were 24 %, 10% and 9%,
respectively, in the solution treated condition [Figure 4]. Eleven percent of the high angle
boundaries in base 17-4 PH steel had a misorientation between 40°-45° .Such a
misorientation angle is reported to be a portion of prior austenite boundaries [30] . Upon
peak aging, the frequency of misorientation angles between 40°- 45° decreased from
eleven percent (in solution treated condition) to one percent, accompanied by an increase
in the frequency of misorientation angle in the range of 10°-35° and 45°-55° by seven
percent and nine percent, respectively.
In three wt.% Co modified steel, the peak aging time at 755 K was 90 minutes.
The amount of retained austenite measured in specimen of three wt.% Co modified steel
quenched in salt bath at 423 K and aged at 755 K was three %. The three-dimension
atom-by-atom reconstruction of the specimen of three wt.% Co modified steel, peak aged
at 755 K for 90 minutes is shown in Figure 5. Figure 5 (a) represents the martensitic
region of the specimen while Figure 5(b) shows the retained austenite region, identified
by homogeneous distribution of Cu atoms.
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Figure 4. Misorientation angle distribution of base, three wt.% Co, and seven wt. % Co
steels in solution treated and peak aged at 755 K conditions. Eleven percent of the high
angle boundaries in base steel had a misorientation between 40°-45°. Upon peak aging,
the frequency of misorientation angles between 40°- 45° decreased from eleven percent
(in solution treated condition) to one percent, accompanied by an increase in the
frequency of misorientation angle in the range of 10°-35° and 45°-55° by seven percent
and nine percent, respectively.
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50nm

(a)

(b)
Figure 5. A three-dimensional atom-by-atom reconstruction of peak aged (755 K for 90
min) specimen of three wt.% Co modified (three wt.% Co 0.5 wt.% V, 0.06 wt.% N) steel
(a) Martensitic region (b) Retained austenite region. The retained austenite region has a
homogenous distribution of Cu atoms while the martensitic region contains Cu
precipitates.

Atom probe tomography on three wt.% Co modified steel (three wt.% Co, 0.5
wt.% V, 0.06 wt.% N) in peak aged condition (482°C, 1.5h) showed that the atomic
fraction of p in martensite is 2.64
3.72 x

X

10-4 ± 3.28

X

10-6 while in austenite is 3.18

X

10-4 ±

w-6.
Figure 6 (a) and Figure 6 (b) show the distribution of C and P atoms in base steel

peak aged at 755 K for 75 minutes. Evidence of P and C segregation on an atomic scale
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was observed, as indicated by the arrows. Figure 6 (c) shows the distribution of Cu
atoms .

50

nm

(a)
r------- -- -

(b)

- - - - - 50 nm

(c)

Figure 6. A three-dimensional atom-by-atom reconstruction of base steel peak aged at
755 K for 75 minutes (a) C atoms (b) P atoms (c) Cu atoms. The arrows show
boundaries. Cu precipitates are present on either side of these boundaries which indicates
that these are martensite-martensite boundaries. The atom fraction of C and Pis 6.67 x
10-4 and 2.98 X 10-4 , respectively.
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Presence of Cu precipitates on either side of the boundaries (shown by arrows)
indicates that these are martensite-martensite boundaries. The atom fraction of C and P is
6.67 X 10-4 and 2.98

X

10-4 , respectively.

The CVN toughness of three wt.% Co modified (three wt.% Co, 0.5 wt.% V, 0.06
wt.% N) steel with three percent retained austenite was 16.4 ± 1.8 J. The CVN toughness
of three wt.% Co modified (three wt.% Co, 0.5 wt.% V, 0.06 wt.% N) steel with
infinitesimal amount of retained austenite was 5.7 ± 0.6 J.
Mechanical properties of each alloy in the peak aged condition at 755 K after
austenite conditioning at 1323 K for one hour and quenching in salt bath (423 K) are
shown in Table 3 with standard error of mean. It is observed that Co addition increases
the strength as well as toughness.

Table 3. Mechanical properties of base, three wt.% Co, seven wt.% Co, and three wt.%
Co modified steels in peak aged at 755 K condition, after austenite conditioning at 1323
K for one hour and quenching in salt bath (423 K) .
Elongation,

CVN

Alloy

UTS, MPa

YS, MPa

%

toughness, J

Base

1280 ± 13

1140 ± 22

7.4 ± 0.004

3.7 ± 0.4

3 wt.% Co

1360 ± 5

1250 ± 8

9.3 ±0.6

5.6 ±0.5

7 wt.% Co

1440 ± 7

1290 ± 16

9.3 ±0.2

5.3± 0.3

3 wt.% Co modified

1380 ± 2

1140 ± 21

14.1 ± 2.8

16.4 ± 1.8
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4. DISCUSSION
The decrease in the fraction of high mobility boundaries, boundary movement,
and an increase in block width from 2.27 ± 0.10 f.!m to 3.06 ± 0.17 f.!m indicate the
occurrence of recrystallization during aging.
Co addition inhibited block growth and recrystallization during aging, thereby
resulting in finer block width in three wt.% Co and seven wt.% Co steels. In the present
study, it was observed that Co addition affects one of the necessary conditions for
recrystallization of lath martensite by reducing the frequency of high mobility block
boundaries from 24% to 10 %. The high mobility boundary in a lath martensitic structure
is a portion of the prior austenite boundaries. Co addition inhibits delta ferrite and
decreases the density of prior austenite boundaries [34]. Hence, a decrease in frequency
of high mobility boundaries with addition of Co is expected. Secondly, Co addition has
been known to inhibit dislocation recovery in Fe-1ONi -1Mo steels [ 15] which is the
second necessary condition for recrystallization to occur. The finer lath martensite block
structure in Co containing steels therefore improves strength and CVN toughness. This
characteristic of Co is important since it improves both the strength as well as CVN
toughness of 17-4 PH steel.
An increase in martensite block size during tempering of martensite has been
observed in other steels [36-38]. In a temporal study of martensite tempering at 873 K,
the block width increased rapidly from 0.4 !lm to 0.8 !lm until 120 min, after which it
became constant [37]. Sb addition to 0.15C 2Mn steel retarded the recrystallization by
pinning the high angle boundaries [39]. Slower rate of block coarsening during tempering
at 873 K has been observed with addition ofRe, W, and Moina martensitic steel [38].
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Another mechanism to improve the CVN toughness of this alloy further is to
retain two-to-three percent of austenite. The authors observed higher amount of retained
austenite in three wt.% Co modified steel as compared to base, three wt.% Co, and seven
wt.% Co steels inspite of the same austenitization and quenching conditions. In an earlier
study by the authors on the base 17-4 PH alloy [4], homogenization for shorter time
(1473 K, one hour) gave 20 % retained austenite upon austenitizing at 1323 K for one
hour and air cooling. Homogenizing for two hours at 1473 K, austenitizing at 1323 K for
one hour and air cooling gave immeasurable amount of retained austenite [4] for the same
alloy. The local decrease in Ms temperature due to alloy segregation causes a higher
amount of retained austenite [4]. Base, three wt.% Co , and seven wt.% Co steels were
homogenized for 10.5 h, four hours, and 10.5 hat 1473 K, respectively, while three wt.%
Co modified steel was homogenized for two hours at 1473 K. In the three wt.% modified
steel, the amount of retained austenite after austenite conditioning 1323 K, quenching
into salt bath (423 K) and peak aging at 755 K was three percent. In base, three wt.% Co,
and seven wt.% Co steels, the amount of retained austenite was immeasurable by
XRD [34] . Therefore, the shorter homogenization time in three wt. % Co modified steel
resulted in three percent retained austenite. In three wt.% Co modified steel, an increase
in CVN toughness from 5.7 J in specimen with infinitesimal amount of retained austenite
to 16.4 J was observed with three percent retained austenite.
A trace element such asP decreases the cohesive strength and CVN toughness of
the material by segregating to the grain boundary. Hombogen et al. [40] observed that P
and C compete to occupy grain boundary and other interfaces in alpha iron. P and C have
a repulsive interaction [41]. In Fe-P-C alloys, Guttmann et al. [42] observed that
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increasing C content at a constant (0.17 wt.%) bulk concentration of P decreased the P
concentration at ferrite grain boundaries and increased the equilibrium C content at the
ferrite grain boundary. Ray et al. [43] observed that in ferrite-pearlite steel, P segregates
to the ferrite cementite boundary and the growth rate of carbides during tempering is
controlled by interface reaction. These studies indicate that the competition of P and C to
occupy the interfaces is well established in the literature [40-44].
A study in 17-4 PH steel [45] showed that the grain boundary cohesion is higher
when C segregates to the interfaces (such as lath/block boundaries) as compared to P
segregation to the interfaces. Therefore, having more free C and a low Nb/C ratio
increases the CVN toughness. In steels such as 17-4 PH, with low carbon and strong
carbide formers, there are more sites available for P to segregate on interfaces. Therefore,
the trapping of P in retained austenite would be beneficial to suppress P segregation to
the internal boundaries in martensite and thereby improve toughness.
The minimum targets described in Table 1 were met in three wt.% Co modified
steel (three wt.% Co, 0.5 wt.% V, and 0.06 wt.% N). An ultimate tensile strength of 1380
MPa, yield strength 1140 MPa, 14% elongation, and 16.4 J room temperature CVN
toughness was achieved in peak aged condition in three wt.% Co modified steel with
three% retained austenite. This achievement of mechanical properties is 13% and 17%
less than the goals for ultimate tensile strength and yield strength, respectively, while it is
40% and 20% above the goals for elongation and CVN toughness, respectively.
Study of mechanical properties achieved by air cooling instead of salt bath quench
or boiling water quench would be a good avenue for future work intended to make the
thermal processing of these alloys more industry-friendly. Study of microstructure and
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mechanical properties of 17-4 PH steel with Co additions of less than three wt.% is a
recommended study for alloy optimization.

S.SUMMARY
Co addition inhibited the recrystallization and block growth of martensite in 17-4
PH steel. The block size in base steel increased from 2.27 ± 0.10 f!m to 3.06 ± 0.17 f!m
upon peak aging at 755 K. The frequency of high mobility high angle boundaries was
24% in base steel as compared to ::::::;10% in the Co containing steels. Block boundary
bulging, a change in block boundary misorientation, and an increase in block width
during aging in base steel indicate an occurrence of recrystallization and block growth by
block boundary migration.
Increasing the amount of retained austenite from infinitesimally small amount to
three percent in a three wt.% Co modified steel (containing three wt.% Co, 0.5 wt.% V,
0.06 wt.% N) gave an increase in CVN toughness from 5.7 J to 16.4 J. The concentration
of P in martensite and retained austenite were 2.64 x 1o-4 ± 3.28 x 10-6 and 3.18 x 10-4 ±
3.72 x 10-6 , respectively, indicating scavenging of P by retained austenite. Atom probe
tomography revealed segregation of C and P to internal boundaries in martensite of 17-4
PH steel in an aged condition. Previous work shows that the grain boundary cohesion is
higher when C segregates to the boundaries as compared to segregation of P. Hence,
scavenging of P by retained austenite is one of the mechanisms beneficial to CVN
toughness of this stainless steel.
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ABSTRACT
Differential scanning calorimetry (DSC) with non-isothermal heating was used to
study the effect of Co addition on kinetics of Cu precipitation in the 17-4 PH cast alloy.
Activation energies for copper precipitation increased from 205 kJ/ mol in the base 17-4
PH steel, to 243 kJ/ mol and 272 kJ/ mol in the three wt.% Co and seven wt.% Co
containing 17-4 PH steels, respectively. Study of Cu precipitation kinetics by hardness
gave an A vrami exponent : : : 0.66, indicating dislocation assisted precipitation. First
principles calculations were used to show that Co is rejected from the copper precipitate.
Co situated at the matrix/precipitate interface is 0.634 eV lower than when Co is in the
precipitate. It is proposed that Co forms a barrier and retards the growth of the Cu
precipitates. A narrower Cu precipitate size distribution was observed with the addition
of Co resulting in a lower driving force for coarsening.
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1. INTRODUCTION
Copper precipitation in 17-4PH steel is the primary age hardening mechanism.
These 17 wt.% Cr and 4 wt.% Ni alloys are austenitized and quenched to produce a
martensitic microstructure that typically contains a few percent un-dissolved 8-ferrite [1].
The solubility of copper in austenite (fcc) is much higher than it is in either martensite
(bet) or a-ferrite (bee) [2].

Precipitation from the supersaturated state produces

nanometer sized bee Cu precipitates [3-5] that strengthen the matrix. Cu precipitation in
steels has been studied using several characterization techniques such as transmission
electron microscopy [3, 6, 5, 7-10], neutron scattering [11,12], Mossbauer spectroscopy
[13] dilatometry [14], resistivity [8], differential scanning calorimetry [15] and atom
probe tomography [4,16- 22] . The sequence of copper precipitation is bee Cu---+9R ---+3R
---+fcc

'E'

Cu [5]. The Cu precipitates less than five nm in diameter are coherent (bee)

with the iron matrix [4,5,11,12], between seven nm to 17 nm are multiply twinned 9R
structure [5] and spherical in shape, between 18nm to 30nm the precipitates are untwined
3R structure and ellipsoidal, and larger than 30 nm are fcc Cu [5]. The peak hardness is
reached when Cu precipitates are still coherent (bee) with the matrix. These bee Cu
precipitates contain 50-70% Cu [18- 23] and have Fe-Cu in a CsCl (B2) structure [24].
Atomic study on the stability of the copper clusters in iron using embedded atom
potential report that copper clusters of four nm diameter showed no significant deviation
from the bee structure while 6 nm diameter clusters showed slight distortion from the bee
structure [25].
In a study by the authors [26] , an increase in room temperature tensile strength by
110 MPa was observed with three wt. % Co addition and 140 MPa with seven wt. % Co
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addition. An increase in CVN toughness from 3.7 1 to 5.5 1 and elongation from 7.4 to
9.3 %were observed with three wt.% Co or seven wt.% Co addition to 17-4 PH steel
[26]. The strength and toughness of these alloys are shown in Table 1.

Table 1. Mechanical properties of Co containing 17-4 PH steel [22, 26] .
CVN
Alloy

UTS, MPa

YS, MPa

Elongation, %

toughness, 1

Base

1280 ± 13

1140 ± 22

7.4 ± 0.004

3.7 ± 0.4

3 wt.% Co

1360 ± 5

1250 ± 8

9.3 ±0.6

5.6 ±0.5

7 wt.% Co

1440 ± 7

1290 ± 16

9.3 ±0.2

5.3 ± 0.3

Atom probe tomography performed on peak aged specimens showed that addition
of Co decreased the size of copper precipitates and narrowed their size distribution [22].
The concentration of Co in the Cu precipitate was lower as compared to the matrix in the
peak aged condition as shown in Figure 1; indicating that Co was rejected from the
precipitate into the matrix during Cu precipitation [22]. Ab initio calculations, using
energy minimization criterion supported the rejection of Co from the Cu precipitate [22] .
The concentration of Cu in the Cu precipitates was 50-70 at. % [22].
The aim of the present work is to investigate the influence of Co on the kinetics of
Cu precipitation using Differential Scanning Calorimetry (DSC). An attempt has been
made to explain the experimental findings using first principles calculations.
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Figure 1. Effect of Co on Cu concentration across Fe-Cu interface in peak aged condition
at 482°C [22].

2. PROCEDURE
2.1 Experiment. Three alloys; base, three wt. %Co, and seven wt. %Co steels
were melted in an open air, 100 lb coreless induction furnace. An inert gas cover was
maintained by flowing Ar over the melt and covering the furnace with kaowool
insulation. The alloys were cast into no-bake molds with top riser to obtain Y -blocks
measuring 18x130x60mm, and into ceramics shell molds preheated to 1273 K to produce
tensile specimens. Chemical analysis of each heat was obtained using an optical emission
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spectrometer ARL 4460, LECO TC 500 analyzer for oxygen and nitrogen and LECO CS
600 analyzer for carbon and sulfur. The chemistry of these steels is shown in Table 2 [22,
26].

Table 2. Chemistry of the steels [22, 26].
Steel

c

Mn

p

s

Si

Cu

Ni

Cr

v

Nb

Co

0

N

Fe

0.042 0.41 0.022 0.012 0.8I 2.95 3.88 I5.74 0.07 0.29 0.06 O.OI95 O.OI5 Balance
Base
3 wt.% Co 0.035 0.42 0.021 0.0 II 1.0 2.83 3.7I I5 .27 0.07 0.29 2.79 0.0132 O.O I4 Balance
7 wt.% Co 0.035 0.4 0.02 0.015 1.01 2.67 3.45 14.64 0.06 0.26 6.94 0.0149 O.OI9 Balance

The typical as-cast microstructure of 17-4 PH steel is martensitic with remnant 8ferrite from the peritectic transformation. Co addition eliminated delta ferrite from the
microstructure [26]. The specimens of base and seven wt.% Co steel were homogenized
for 10.5 hours at 1473 K and three wt% Co steel were homogenized for four hours at
1473 K to minimize the lath packet size, delta ferrite and segregation in the
microstructure, as described elsewhere [26] . Further, these specimens were solution
treated at 1323 K for one hour and quenched in to salt bath maintained at 423 K. X-ray
diffraction was used to measure the amount of retained austenite. After the solution
treatment, the kinetics of precipitation of Cu was studied using hardness and differential
scanning calorimetry techniques. For the hardness study, aging of specimens was
conducted in a salt bath maintained at the temperature with ± two K. Hardness was
measured as a function of time at 755 K, 741 K, and 727 K [26].
Differential Scanning Calorimetry (DSC) was used to study the kinetics of Cu
precipitation. The heat flux was measured as a function of temperature during continuous
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heating of solution treated specimens at heating rates of five, seven, 10, 15, 20, and 40
K/min from room temperature to 873 K. DSC curves of solution treated specimen and a
specimen averaged at 973 K for five hours were compared to identify the peak associated
with Cu precipitation. Sapphire was used as a reference.
2.2 Modeling. The purpose of the models used to understand the effect of Co on
the growth of Cu precipitates is summarized in Table 3. Vienna ab initio simulation
package (V ASP) in projector augmented waves (PAW) pseudo potentials and the
generalized gradient approximation (GGA) for exchange and correlation effects was
used.

Table 3. Purpose of ab initio modeling.
Model

Purpose

Methodology

A

To understand the effect of Fe

Site preference of Co across the Fe-

content of the Cu precipitate on the

Cu layers when (i) Cu contains 2

rejection of Co from Cu precipitate

%Fe (ii) Cu contains 50% Fe and

to the matrix

(iii) Cu contains no Fe

B

To understand how Co on surface of Compare total energies of Fe/Cu/Co
Cu precipitate affects its further

and Fe/Cu/Co/Cu interfaces

growth

The interface region between the Fe matrix and Cu precipitate was constructed
from bee Fe and strained bee Cu layers. The lateral lattice parameter of bee Cu was
adjusted to match the lattice constant of bee Fe. Since the lattice mismatch between bee
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Fe and bee Cu is small, misfit dislocations are expected to be widely spaced. Misfit
dislocations were not observed and hence the bee Fe/bcc Cu interface was assumed to be
a coherent interface. The (110) bee Fe/ (110) bee Cu interface has been predicted to be
more favorable than the (001) interface [25]. Therefore, the (110) bee Fe/ (110) bee Cu
interface was the focus of the present study.
Model A was used to understand the influence of Fe content in Cu precipitates on
the driving force for rejection of Co from the Cu precipitate into the matrix (Fe). (110)Fe
I (110) Cu interface with layers of Fe and Cu was used to represent the Fe matrix/Cu

precipitate system. Cu layers with three different Fe contents were studied: (i) no Fe, (ii)
four at. % Fe, and (iii) 50 at. % Fe. Cases (i) and (ii) were configured using a 128 atom
supercells with eight atoms per layer. The Fe/Cu interface was constructed by 10 layers
of Fe and 6 layers of Cu as shown in Figure 2(a). The sites numbered one through six in
Figure 2(a) represent the sites substituted by Co in the middle of Fe layers, second
interfacial Fe layer, first interfacial Fe layer, first interfacial Cu layer, second Cu layer
and middle of Cu layers, respectively. The site preference energy of Co to occupy site
l(middle of Fe layers) was used as the reference. The site preference energies of one Co
atom to occupy sites two through six were calculated for the case (i) with no Fe in Cu
layers. For case (ii), the atoms positions for calculation of site preference energy of Co to
occupy the various layers was similar to case (i). However, the Cu layers in case (ii)
contained two Fe atoms (four at. % Fe in Cu layers) as shown in Figure 2(b). For case
(iii) with 50 at. % Fe in Cu layers, a 48 atom supercell was used to model the Fe/Cu
interface. Sixteen layers of Fe and eight layers of (Fe-Cu) B2 structure, with two atoms
per layer, were used to configure the 50 at. % Fe in the Cu precipitate. The atom positions
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used for modeling case (iii) is shown in Figure 3. The site preference energy for Co to
substitute the middle of Fe layers, second interfacial Fe layer, first interfacial Fe layer,
first interfacial Cu layer, second Cu layer and middle of Cu layers were calculated.
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Figure 2. Configuration used to model the site preference energy of one Co atom to
substitute across the (110) Fe/(110) Cu interface. A 128 atom supercell constructed with
10 layers of Fe atoms and six layers of Cu atoms was used. (a) The configuration when
Cu layers contain no Fe (100%Cu). The site preference energy of Co atom at site one was
used as reference. The site preference energy of one Co atom to substitute the sites two
(second interfacial Fe layer), three (first interfacial Fe layer), four (first interfacial Cu
layer), five (second interfacial Cu layer), or six (Cu bulk) were calculated across Fe-Cu
(110) interface (b) magnified image of the 128 atom supercell showing the positions
occupied by two Fe atoms in the configuration where Cu layers contains four percent Fe.
The atom position of Co used for calculation of site preference energy was same as (a).
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Figure 3. The configuration used to calculate the site preference energy of one Co atom to
occupy sites across the Fe/Cu interface when Cu layers contain 50 % Fe. A 48 atom
supercell with 16 Fe layers and eight Cu layers was used.

Model B was used to understand the influence of rejection of Co to the surface of
Cu precipitate on its growth. A 128 atom supercell was used to model (i) Fe/Cu/Co and
(ii) Fe/Cu/Co/Cu interfaces with equal number of Cu monolayers as shown in Figure 4(a)
and Figure 4(b), respectively. To allow for relaxation of atoms along Z axis, vacuum of
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12 Angstrom was used on both the ends of the supercells. The total energy of
Fe/Cu/Co/Cu with reference to the Fe/Cu/Co was calculated.
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Figure 4. Comparison of total energies of (i) Fe/Cu/Co interface and (ii) Fe/Cu/Co/Cu
interface. 128 atom supercell with 8 atoms per layer was used.

3. RESULTS
3.1 Modeling. The influence of Fe content in the Cu precipitate on the rejection
of Co from the Cu precipitate into the matrix was studied with model A. The site
preference energy

(E pref)

of Co to occupy sites across the Fe/ Cu interface is shown in

Figure 5. Figure 5(a)-(c) shows three cases with Cu layers containing (i) zero at. % Fe,
(ii) four at. % Fe and (iii) 50 at. % Fe. The

Epref

of Co is lower at the Fe interfacial layer

than in the Cu layers, which indicates that Co has a strong tendency to substitute Fe
atoms at the interface. The site preference energies of Co in the middle of Cu layers and
at the 2nd interfacial layers in case (iii) were lower as compared to (i) and (ii). On the
other hand, at the first interfacial Cu layer, (ii) had the least energy (0.09 eV) while (iii)
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had 0.14 eV. This indicates that during the growth of Cu precipitate, as the composition
changes from (iii) to (ii), the driving force for Co to be rejected increases. The

Epref

for

Co to occupy the first interfacial Fe layer is higher in (ii) as compared to (iii). Hence, the
driving force for Co to cross the interface and form Fe-Co bonds decreases upon change
in composition of precipitate from (iii) to (ii). These results show that the difference in
site preference energies of Co between the first interfacial Cu and first interfacial Fe
layers decreases from 0.12 eV in (iii) to 0.06 eV in (ii).
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Figure 5. Site preference energy of Co across the Fe/Cu interface when Cu layers contain
(a) case (i) zero at.% Fe (b) case (ii) four at.% Fe and (c) case (iii) 50 at.% Fe. The
driving force for Co to segregate to the Cu1layer increases as the Cu precipitate gets
enriched in Cu (compare 5 (c) and 5 (b)).
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Therefore, the driving force for Co to accumulate at the first interfacial Cu layer
increases and thus Co forms a barrier at the interface as the composition of the precipitate
changes from (iii) to (ii).
When Cu does not contain Fe atoms (case (i)), the difference in energy across the
first interfacial Cu-first interfacial Fe layer is the highest (0.14e V). Hence, presence of
some amount of Fe in the Cu precipitates retards the diffusion of Co across the interface
after Co is rejected from the Cu precipitate.
From calculations using model B (Figure 4 ), it was observed that the total energy
for Co situated at the matrix-precipitate interface is 0.634 eV lower than when Co is in
the precipitate. Thus, the presence of Co on the surface of the growing Cu precipitate
makes the transfer of additional Cu atoms to the precipitate strongly unfavorable.
3.2 Copper precipitation.

The X-ray diffraction analysis of base, three wt.%

Co, and seven wt.% Co steels in solution treated condition revealed no retained austenite
peaks [26]. The peak aging time at 7 55 K was 7 5 min in base and three wt.% Co steels,
and 90 min in seven wt.% Co steel [26] . The changes in martensitic structure upon aging
with Co addition are discussed in detail elsewhere [27].
Figure 6 shows the age hardening curves of base, three wt.% Co, and seven wt.%
Co steels at 755 K, 741 K, and 727 K. The peak aging time and hardness are reported in
Table 4 [26, 22].
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Figure 6. Hardness versus time at 755 K, 741 K, and 727 Kin (a) base steel (b) three
wt.% Co steel, and (c) seven wt.% Co steel.
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Table 4. Peak hardness and time at 727 K, 741 K, and 755 K [26].
Base
Temperature,K

3 wt.% Co

7 wt.% Co

Hardness,

Time,

Hardness,

HRC

h

HRC

2

45±0.5

4

48±1

44±0.5

1.5

44±0.5

1.75

45±1

43±1

1.25

44±0.25

1.5

46±1

Tim e,

Hardness,

h

HRC

727

2

44±0.5

741

1.75

755

1.25

T ime,h

The A vrami exponent 'n' was calculated from hardness by assuming that the
volume transformed (Vf) of Cu precipitates is unity at peak hardness. The equation (1)
was used to calculate the volume fraction of transformation completed as a function of
time. Figure 7 shows the plots of the Avrami equation. The slope of Figure 7 gives the
Avrarni exponent 'n' . The Avrami exponent 'n' from Figure 7 were 0.68 in base steel,
0.55 in three wt. % Co steel, and 0.69 in seven wt.% Co steel.
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Figure 7. A vrami kinetics plot of (a) base, (b) three wt. % Co, and (c) seven wt. % Co
steels.

114
The Avrami equation (2) and Arrhenius equation (3) were used to calculate the
activation energies as shown in Figure 8. A negative slope in Figure 8 indicates a growth
controlled precipitation reaction. In the present study, the activation energy increased
from 250 kJ/mol to 309 kJ/mol with the addition of Co, which indicates an increased
barrier to the growth of the Cu precipitates.

-1
• Base
• 3 vvt.•=x-) Co

-2

... 7 wt. (X:. Co

-3

•
Obase

-4

=250kJ/mol

03co= 255kJ/mol

•

07co= 309kJ/mol

-5
1.32

1.34

1.36

1.38

(1000/T}, K-1

Figure 8. Arrhenius plot for activation energies (a) base (b) three wt.% Co and (c) seven
wt.% Co steels. The activation energy for Cu precipitation is higher in steel with seven
wt.% Co.
Figure 9 shows a comparison of the DSC profiles of solution treated specimens
with overaged specimens (973 K, five hours) upon continuous heating at 10 K/min. The
peak associated with Cu precipitation was identified as the peak at -:::::,770 K (indicated by
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vertical line in Figure 9), which was absent in the DSC profile of the overaged
specimens.

Base,ST
Base, aged

(.)

3 wt.% Co, ST

....Q)

3 wt.% Co, aged

·-E
J:

......
0
><

w

7 wt. 0/o Co, ST

7 wt.% Co, aged

400

600

800

Temperature (K)
Figure 9. Comparison of DSC curves in solution treated (ST) condition versus aged (at
973 K, 5h) conditions (a) base steel (b) three wt.% Co steel, and (c) seven wt.% Co steel.
The peak associated with Cu precipitation in the DSC curve of solution treated specimen
was identified by its absence in the DSC curve of solution treated and annealed specimen.
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The DSC profiles of base, three wt.% Co, and seven wt.% Co steels, conducted at
continuous heating rates of five K/min to 40 K/min are shown in Figure 10. The peak
temperatures associated with Cu precipitation were obtained by intersection of tangents
to the peaks. In each alloy, the peak associated with Cu precipitation shifted to higher
temperatures with an increase in heating rate. Secondly, the peak associated with Cu
precipitation occurs at higher temperature in three wt.% Co and seven wt.% Co steels, as
compared to base steel.
The activation energy obtained from DSC profiles was calculated usmg
Kissinger's method. The temperature associated with Cu precipitation peak, at various
heating rates, was used in equation (4).

ln a
--= ln -RAT p:ak

Q

- -

Q

1

• ---

R

T peak

(4)

where a= heating rate (K/min)
T peak= temperature at which peak is observed (K)
R= 8.314 J/mol K
Q= activation energy
A= pre-exponential factor

Figure 11 shows the plot of equation (4) for base, three wt. % Co, and seven wt. %
Co steels obtained from DSC experiments. The slope of this plot (-Q/R) was used to
calculate activation energy 'Q' .
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Figure 10. DSC curves of base, three wt.% Co, and seven wt. % Co steels upon
continuous heating from room temperature to 873 K at heating rates from five K/min to
40 K/min. The specimens were solution treated at 1323 K for one hour and quenched into
salt bath maintained at 423 K prior to DSC scans.
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0=272 kJ/mol
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1.30
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Figure 11. Kissinger plots from DSC data to calculate activation energies of Cu
precipitation in (a) base (b) three wt.% Co (c) seven wt. % Co steels. The activation
energies increased from 205 kJ/mol to 243 kJ/mol with three wt.% Co addition and to
272 kJ/mol with seven wt. % Co addition; indicating an increase in the barrier for Cu
precipitation with the addition of Co.
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It is observed that the activation energy for Cu precipitation increases with Co
addition. The activation energies were 205 k J/mol, 240 k J/mol, and 270 k J/mol.

4. DISCUSSION
The interpretation of the A vrami exponent 'n' is not well established for values
less than one. A vrami exponent between 0.33-0.66 is associated with dislocation assisted
growth of precipitates [28, 29]. According to Christian [29], the one dimensional nature
of the migration of solute atoms towards the precipitate leads to n=l/3 while the
migration to the dislocation lines gives n=2/3. However, in reality, both the dislocation
attraction and pipe diffusion occur simultaneously. Hence, 'n' value increases gradually
from 113 to 2/3 as the transformation proceeds [29]. Time exponent (n) values ranging
from 0.2-0.5 have been reported for precipitation of NiAl in 13-8 Mo PH steel [9] and for
carbide precipitation in 14 wt.% Co containing martensitic steel [30].
Recently, an 'n' value of 0.47 has been derived to be associated to diffusion
controlled growth with soft impingement [31 ,32]. Soft impingement has been defined as
a decrease in either the volume or surface area of untransformed matrix regions which
supply the solute atoms [28]. A low n value also indicates that the sites for nucleation are
not saturated; hence nucleation could be expected to occur over a longer time period.
In the present study, the 'n' value could be associated with dislocation assisted
precipitation. As the precipitation proceeds, the untransformed volume of matrix
decreases.
The rejection of Co to the surface of the Cu precipitate limits the volume of the
matrix available for transformation. Therefore, more untransformed volume of the matrix
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available for subsequent precipitates to nucleate in the vicinity of the growmg

precipitate. Since Co inhibits dislocation recovery during tempering [33], more
nucleation sites are expected to be available for subsequent precipitation of Cu.
The reported values for activation energy for Cu diffusion in austenite typically
are in the range of 220 kJ/mol to 262 kJ/mol [34- 38] . Maruyama et al. [39] reported an
activation energy 230 k J/mol for Cu precipitation in low carbon Fe-Cu steel from DSC
study[39]. They compared DSC scans of low carbon steel with and without Cu to identify
the peak associated with Cu precipitation. The activation energies for copper precipitation
calculated from other DSC studies are 172 ± 12 kJ /mol [40] and 181 kJ/mol [15].
The formation of copper clusters occurs in three stages: nucleation, growth, and
coarsening. Experimental and theoretical investigations show that there is a significant
overlap between all the three stages of copper cluster formation [41, 42]. Atom probe
tomography study of base, three wt.% Co, and seven wt.% Co steels in peak aged at 755
K condition showed a narrower Cu precipitate size distribution with the addition of
Co[22]. Figure 12 (a) shows the effect of Co on Cu precipitate size distribution. The solid
line corresponds to the Lifshitz, Slyozov, Wagner (LSW) coarsening equation and
represents the precipitate size distribution after infinite time. The more 'Gaussian' shape
of experimental size distribution instead of a 'skewed towards larger size' shape is
expected since the experimental data is from a finite time period. The precipitate radii are
2.26 ± 0.71 nm in base steel, 2. 15 ± 0.64 nm in three wt.% Co steel and 2.18 ± 0.63 nm in
seven wt.% Co steel. The reported uncertainty is one standard deviation. At these small
sizes, the radius of curvature of the Cu precipitates effects the solubility of Cu in the
matrix . The driving force for coarsening is governed by the size difference between the
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coarsening precipitates. Co containing steels narrow the Cu precipitate size distribution.
The ratio of solubility of Cu precipitates of radius (r - cr) to those of radius (r + cr) was
calculated using the Gibbs Thompson equation (5).
The (110) Fe/ (110) Cu interfacial energy ( r) used in equation (5) was 0.276 J/m 2
and the lattice parameter of bee Cu used to calculate molar volume was 2.889 Angstroms;
as calculated by first principles study.

(5)

For equation (5), ,= interfacial energy between Fe and Cu=0.276 J/m2
Q

= molar volume of Cu precipitates

R = gas constant
T

=755 K

r = average radius of Cu precipitate
(J'

= standard deviation

Figure 12(b) shows the ratio of solubility of Cu precipitate of radius (r - cr) to (r +
cr) as a function of Co in 17-4 PH steel. This ratio decreases with an increase in Co
content, which indicates a lower driving force for coarsening in the Co containing steels.
Hence, the coarsening of Cu precipitates in Co containing steels is expected to be slower
as compared to the base 17-4 PH steel.
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The increase in activation energy for Cu precipitation from 205 kJ/mol in base
steel to 240 kJ/mol in three wt.% Co steel, and to 270 kJ/mol in seven wt.% Co steel is an
evidence for the slower overall Cu precipitation kinetics with the addition of Co.
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Figure 12. Comparison of Cu precipitate size distribution measured from atom probe
tomography with LSW coarsening theory for (a) base steel, (b) three wt. % Co steel, (c)
seven wt.% Co steel, and (d) effect of Co on solubility of Cu precipitates evaluated using
Gibbs Thompson equation. The driving force for coarsening decreases with addition of
Co.
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5. CONCLUSION

Co addition to 17-4 PH steel resulted in slower kinetics of Cu precipitation. The
activation energy for Cu precipitation increased from 205 k J/mol in base steel to 240 k
J/mol and 270 k J/mol in three wt.% Co steel and seven wt.% Co steel, respectively. First
principles modeling showed that Co forms a barrier at the Fe/Cu interface and retards the
growth of the Cu precipitates. The total energy of the Fe/Cu/Co/Cu was higher than
Fe/Cu/Co by 0.634 eV. Co addition resulted in finer Cu precipitates and a narrower
precipitate size distribution. The driving force for coarsening of Cu precipitates
decreased.
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SECTION

3. CONCLUSIONS

3.1 NIOBIUM, VANADIUM, NITROGEN ADDITION
Strengthening by addition of Nb, V, and N was at the expense of a drastic
decrease in Charpy V Notch (CVN) toughness. In addition to alumina and silica
inclusions, coarse carbonitrides containing -90 wt.% Nb and -five wt.% V were
observed as the fracture initiation sites in the alloys containing Nb, V, and N. The
increase in strength with the addition of0.4 wt.% V, and 0.1 wt.% N was -110 MPa. The
addition of 0.1 wt.% Nb resulted in an increase in strength by - 40 MPa. However, a
decrease in CVN toughness was observed from four 1 to two 1 in peak aged condition,
and from 20 1 to four 1 in the overaged condition with addition of Nb, V, and N.

3.2 COBALT ADDITION
Co addition to cast 17-4 PH steel enhanced the yield strength and CVN toughness
from 1140 MPa to 1290 MPa and from 3.7 1 to 5.5 1, respectively. Co eliminated delta
ferrite from the microstructure. Co addition inhibited the recrystallization and block
growth of martensite in 17-4 PH steel. The block size in base 17-4 PH steel increased
from 2.27 ± 0.10

~-tm

to 3.06 ± 0.17

~-tm

upon peak aging at 755 K. The frequency of high

mobility high angle boundaries was 24% in base 17-4 PH steel as compared to ::::;IQ% in
the Co containing steels. Block boundary bulging, a change in block boundary
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misorientation, and an increase in block width during agmg m base 17-4 PH

steel

indicate an occurrence of recrystallization and block growth by block boundary
migration. A decrease in block size increases strength as well as toughness, while
elimination of delta ferrite contributes to improved toughness .
Co addition to 17-4 PH steel resulted in slower kinetics of Cu precipitation. The
activation energy for Cu precipitation increased from 205 k J/mol in alloy base to 240 k
J/mol and 270 k J/mol in three wt.% Co steel and seven wt.% Co steel, respectively.
Atom probe tomography study showed finer Cu precipitates and narrower size
distribution with addition of Co. First principles modeling showed that Co forms a barrier
at the Fe/Cu interface and retards the growth of the Cu precipitates. Co situated at the
matrix-precipitate interface is 0.634 eV lower than when Co is in the precipitate. An
Avrami exponent 'n' value of 0.66 was observed, indicating dislocation assisted
precipitation.
A mechanism for the role of Co on Cu precipitation could be defined as follows :
(i) as the precipitation proceeds, the untransformed volume of matrix decreases ; (ii) the
rejection of Co to the surface of the precipitate limits the volume of the matrix available
for transformation; (iii) therefore, the overall untransformed volume of the matrix
increases; (iv) more precipitates can nucleate in the vicinity of the existing precipitates
(v) since Co inhibits recovery during aging, more nucleation sites are also available for
subsequent Cu precipitation; (vi) Co addition thus resulted in finer Cu precipitates and a
narrower precipitate size distribution; and (vii) the driving force for coarsening of Cu
precipitates decreased. The increase in activation energy for overall Cu precipitation
observed using differential scanning calorimetry supports this mechanism.
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3.3 RETAINED AUSTENITE
Increasing the amount of retained austenite from an infinitesimally small amount
to two to three % in an alloy with three wt. % Co, 0.5 wt.% V, and 0.06 wt. % N gave an
increase in CVN toughness from 5.7 J to 16.4 J. The concentration of Pin martensite and
retained austenite were 2.64

X

10-4 ± 3.28

X

10-6 and 3.18

X

10-4 ± 3.72

X

10-6,

respectively, indicating scavenging of P by retained austenite. Atom probe tomography
revealed segregation of C and P to internal boundaries in martensite of 17-4 PH steel in
aged condition. Previous work shows that the grain boundary cohesion is higher when C
segregates to the boundaries as compared to segregation of P. Hence, scavenging of P by
retained austenite is one of the mechanisms beneficial to CVN toughness of this stainless
steel.
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